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EXECUTIVE SUMHARI 


Background and Objectives 

In the late 1970*a and early 1980^St airport congeation became a 
significant problem; causing delays to passengers, increased aircraft 
operating costs for airlines, and increased wcrUload for air traffic 
control. Complicating the situation were the changes that were occur- 
ring in the mix of aircraft using the nation *3 large hub airports. An 
increasing proportion of wide-bodied Jets brought increased problems of 
wake turbulence; while an increasing number of commuter, air taxi, and 
general aviation aircraft brought variations in approach speed and air- 
craft operating characteristics to these airports. 

HASA and. FAA recognized these probler -r . and undertook research, 
engineering, and development programs designed to alleviate the conges- 
tion. Part of this program included the research conducted by the 
University of California and described in this report. The goal of this 
research was to reduce the impact of aircraft runway occupancy on air- 
port congestion today and in the future. 

There were four specific objectives Identified for the study. The 
first objective was to develop a more complete understanding the 
various facto s that affect runwny occupancy. The second objective was 
to identify promising innovations for aircraft, airports, air traffic 
control, and pilots that would assist in reducing airport congestion. 
The third objective was to define the research, engineering, and. 
development activities required to implement the innovations identified 



above. The fourth objective was to assess the impact of technology 
developments in the area of short-haul aircraft and air traffic control 
measures. 

Runway Occupancy and Airport Congestion 

While the study was aimed directly at runway occupancy and ways of 
reducing runway occupancy time, it was recognized that the overall 
objectives related to reducing airfield congestion. Therefore, the-, 
influence of runway occupancy on airport congestion was one of the first 
items addressed in the study. 

It became clear that there were three major ways that runway oceu4 
paney could be affected. First, the mean runway occupancy time for air- 
craft could be reduced. Secondly, the variation of runway occupancy 
times for individual aircraft about the mean could also be reduced,* 
i.e., reduced standard deviation. Thirdly, two aircraft might be per- 
mitted to use a runway at the same time, thereby reducing the effective 
runway occupancy time* 

Each of these three items would permit gains in runway capacity. 
These gains in runway capacity would result in reductions in aircraft 
delay, and consequent reductions in operating costs, fuel consumption, 
and the need for demand management. Recent estimates of airfield 
congestion indicate that up to $1 billion per year la being paid by the 
airlines in increased aircraft operating cost due to airfield conges- 
tion. This study indicates that up to $75 million per year of this 
increased aircraft operating cost might be saved today by reduced runway 
occupancy, with much larger savings possible in the future. 



Factors Influencing Runway Occupancy 


Runway occupancy atarta when an aircraft croaaea the runway threa- 
hold and enda when the aircraft leavea the runway. The proceaa of tran- 
aition from flight to ground taxiing ia complex, and dependa upon a 
number of factora. 

Approach apeed influences runway occupancy time, and normally the 
greater the approach speed the greater the runway occupancy time. The 
distance from the runway threshold at which the aircraft touches down 
also influences runway occupancy time because significant aircraft 
deceleration normally begins after the aircraft has touched down. The 
aircraft deceleration process then commences, after a pause for the 
pilot to confirm a safe landing and to spool up the engines in reverse 
thrust. The amount of aircraft deceleration depends on pilot technique, 
pavement condition, and aircraft reverse thrust and braking characteris- 
tics. Another major Influence on runway occupancy time is the location 
and design of the runway exit. Exit width, angle, and length can all 
influence exit speed, which may be up to 60 knots for some aircraft on 
appropriately designed exits. Exits must be located in a suitable posi- 
tion for the individual aircraft in order to take full advantage of the 
aircraft's deceleration characteristics. Typical runway occupancy times 
for large Jet transport aircraft are in the order of «5 to 65 seconds. 

Potential Innovatlona 

The research uncovered a nunber of potential innovations designed 
to reduce the Influence of runway occupancy on airfield capacity. The 



innovations can be classified into four general areas: 
• Aircraft. Innovations 
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• Airport Innovations 

• Pilot Innovations 

o ATC/FAR Innovations. 

A large number of potential Innovations were identified In each area,, 
and were subjected to a preliminary assessment. Based on this assess- 
ment, promising innovations were grouped into packages with similar 
characteristics. Each of these packages is discussed briefly below. 

Improved Short- Haul Aircraft Technology. Changes in aircraft tech- 
nology and design could assist in making better use of existing air- 
ports. Characteristics of the package of innovations include enhancec* 
deceleration and acceleration, improved exit turn capability, reduced 
touchdown and liftoff speeds, ai.d Improved go-around performance. Tiiese 
characteristics would require improved brakes and landing gear and some 
active control Integration. Up to 25 seconds reduction in runway occu- 
pancy time might be obtained with up to lOt gains in runway capacity. 

Pilot and Airline Motivation. This package recognizes that incen- 
tives or motivation concerning runway occupancy may assist in optimizing 
runway use. The two major alternatives considered are pricing runway 
time as an economic Incentive, and modification" to ATC and flight rules 
to require aircraft to meet certain performance criteria. Some sophis- 
ticated time measurement and accounting techniques would be necessary in' 
order to be able to implement either type of innovation. Decreases in 
the order of 10 seconds might be obtained in runway occupancy tine with 



increases in runway capacity of approximately 55, 


Pilot and Controller Itiforcation, This package recognizes that 
provision of additional and more precise information tc pilots and con- 
trollers can help them make improved decisions to take full advantage of 
available facUitles. Improved exit selection and runway deceleration 
profiles could be obtained, partly from ennat.ced praclsion on the 
approach and through improved cockpit instrumentation and approach aids.’ 
An automated headway display system wouj,d bo necessary to provide the 
pilot with data about preceding aircrr.'c, and automated departure 
release and/or go-around advisories might be appropriate. Up to. 15 
second reduotions in runway occupancy time cuuld be obtained from this 
Improvement, with up to 105 gains in runway capacity. 

Runway Exit and Entrance Design. This package contains revised 
exit location criteria and geometry, continuous exits, adequate runout 
clearances on high speed exits, and high speed runway entrances. The 
combination of these items could obtain up to 30 seconds reductions in 
runway occupancy time and obtain gains of up 105 it; runway capacity. 
Improved dynamic exit lighting systems would be required, as would new 
design criteria for continuous exits. 

Dense Airfield Operation. This package 1s designed to make full 
use of the existing pavement at an airport and to add extra pavement to 
the existing airfield where appropriate. The existing taxiways might be 
used as runways and as exit deceleration zones in order to assist air- 
craft in leaving the runways at higher speeds. Displaced thresholds, 
intersection takeoffs, and use of converging and close parallel runways 
for additional runway operations would also be involvec. Additional 
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pavement night Include close parallel and short runways, additional 
exits (Including continuous exits), and deceleration zones. Improved 
navigation, landing, and metering systems would be required and a 
dynaoic airfield sectorlzatlon and lighting system night also be needed. 
Reductions in runway occupancy time In the order of 20 seconds could be 
obtained, and large gains In capacity would also result. 

Jjltggrated Landing Manag ement. This package recognizes the direct 
relationship betwern aircraft distance separation on approach, approach 
speed, time headway over the runway threshold, and runway occupancy 
tine. Sophisticated on-line analysis tools and display systems are used 
to Identify and Indicate the optimal path for Individual aircraft In 
order tr maximize runway capacity. Aircraft are separated based on time, 
headways and aircraft are sequenced according bj their landing charac- 
teristics. Increases in capacity of up to «0S could be obtained from 
this technique. 

F indings 

Runway occupancy can severely constrain runway caoacity today and 
is likely to provide a more severe constraint in the future as air 
traffic control improvements are implemented to achieve gains in runway 
capacity. A large nirnber of factors affect runway occupancy time and 
further data analysis is needed before some of the i«-rms discussed In 
this study can be implemented. 

There are a large number of potential Innovations and they can be 
grouped into six packages of promising innovations. Each of these inno- 
vations requires some research, englreerlng, and development prior to 



iaplementatlon. Reductions of up to 30 seconds can be achieved in ruh~ 
way occupancy tioe and gains in capacity of up to 00 or 501. 




1. IHTRODUCTIOM 


This study is concerned with oensures to inorease airfield capacity 
by changing the time spent on the runway by arriving and departing air- 
craft, The hourly capacity of one or more runways may be limited by 
Tactors other than the time each aircraft spends occupying the runway. 
In this case, reducing runway occupancy time will not achieve an 
increase in capacity. However, there is ample evidence that runway 
occupancy time Is the limiting factor in determining runway capacity in 
some circumstances. In addition, changes now being considered in both 
the air traffic control system and in future al^craft technology (par- 
ticularly for short-haul aircraft) may relieve some of the other con- 
straints on runway capacity and may offer the opportunity to reduce 
existing runway occupancy times. 

The goal of this study is to identify measures that may be employed 
to change runway occupancy characteristics, and evaluate the potential 
gains in runway capacity that they offer, and to make a preliminary 
assessment of the benefits, costs, and other impacts associated with the 
implementation of the measures. The results of this study show which 
measures appear to offer most promise for providing a significant gain 
in runway capacity at reasonable cost, and Identify the associated need 
for new technology. The study has not attempted to produce detailed 
estimates of the costs of implementing particular measures, nor of 
developing detailed assessments of other impacts. The analysis per- 
formed in this study has allowed the requirements for these further cost 
and impact studies to be clearly defined. 



In considering the effect of runway oceupaacy time on eapaoity« 
there has been a tendency in the past to concentrate only on the runway 
occupancy cf landing aircraft* However, the runway system is used by 
both departing and arriving aircraft, and time released by reducing 
departing occupancy times can in principle be made available to landing 
aircraft. This study has therefore considered measures to change both 
departing and arriving occupancy characteristics* 

THE NEED FOR INCREASED RUNWAY CAPACITY 

As increasing air traffic at an airport begins to approach airfield 
capacity, delays to aircraft using the airport rise rapidly. The nature 
of this phenomenon is well understood, and is incorporated in existing 
procedures for assessing airfield capacity and delay [U.S. Federal Avia- ' 
tion Administration: 1976]. Traditionally, the provision of additional 
capacity to handle the continuing growth of air traffic has been 
achieved by building more airports or adding new runways to existing 
airports* More recently however, widespread public opposition to con- 
structing new airport -J or even new runways has led to a need to increase 
capacity of existing facilities. 

Since the introduction of wide-body aircraft, the growth in air 
travel has been accommodated largely by the increased average size of 
aircraft. At many major airports, aircraft movements have declined 
while air passenger traffic has increased. While runwray capacity was 
formerly considered synonymous with airport capacity, the focus of 
recent concern over capacity and congestion has shifted from the airside 
toward the landside. However, there are good reasons to expect runway 
capacity to . reemerge as a major problem if air traffic continues to grow ‘ 



as forecast 


One reason Is that the shift toward increased use of larger air- 
craft by the trunk carriers cannot continue indefinitely. As the per- 
centage of wide-body aircraft in the fleet increases, the potential for 
replacing narrow-body equipment decreases. Indeed the next generation 
of new aircraft (e.g. DC-9-80, B-757, and B-767) provides less seating 
capacity per aircraft than the last major additions to the fleet. While 
the possibility exists for a stretched B-747 type aircraft carrying 
1,000 passengers, there are few markets that could support such a ser^ 
vice at present, and therefore its effect on average aircraft size is 
likely to be small. When flight crew costs were the major component of 
aircraft direct operating costs, the economies of scale presented by 
larger aircraft were an important factor in the increased use of wide- 
body equipment. As fuel costs tend to replace crew costs as the major 
components of direct operating cost, the advantage of using larger air- 
craft is reduced, particularly since the newest generation of aircraft 
will be significantly more fuel efficient than even the wide-body equip- 
ment. 

A second reason is the growing role of commuter airlines in provid- 
ing feeder service to small communities, as a consequence of the Airline 
Deregulation Act of 1978. This growth of the commuter market Influences 
airport operations in three ,rays. First, the commuter carriers tend to 
use small aircraft, thereby reducing average aircraft size, and requir- 
ing more aircraft operations to serve a particular passenger demand. 
The increase in service frequency thereby provided is one of the attrac- 
tions of commuter airline service and may generate additional traffic 
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when compared with former airline service with regular equipment. 
Second, these smaller aircraft have very different performance charac- 
teristics from large aircraft (being more vulnerable to wake vortex tur- 
bulence and tending to fly slower) and require much larger separations 
on approach, with consequent loss of runway capacity. Third, the market 
and route structure of commuter airlines Is often very different from 
other carriers that formerly served the same markets. Because of the 
aircraft, many smaller communities can be served that were 
not served previously. Small aircraft size favors point-to-point ser-. 
vice over multi-stop service, leading to a hub-and-spoke pattern based 
on major airports. This Increases the amount of connecting traffic mov- 
ing through major airports. Because commuter airlines provide feeder 
service to longer haul flights at major airports, any attempt to 
increase effective runway capacity by diverting commuter airline flights 
to other airports is likely to be strongly resisted.. 

A' third reason to expect a growing problem with runway capacity is 
the emergence of deeply discounted fares in major markets that are dense 
enough to support very high volumes of traffic. Much of the recent 
growth in air travel has been newly generated traffic In these low fare 
markets. If these pricing practices continue, a large part of the 
future growth In traffic will occur in those markets, and hence at those 
airports, that are already carrying the densest traffic. 

These three reasons all suggest that future growth In air traffic * 
will occur mainly at the major airports. These are already the closest 
to saturation and many are experiencing periods of runway congestion. 
Any significant increase in traffic is likely to lead to a major runwav 



congestion problem with consequent delays. Given the difficulties of 
providing additional airports in those metropolitan areas, and the grow- 
ing rather than declining Importance of those hubs in the airline route 
structure, it appears that a pressing need for increased runway capacity 
will emerge at those airports. 

THE HAGMITUDE AND COST OF AIRSIDE DELAY 

Notwithstanding prevailing concerns over landslde capacity and the 
fairly stable level of aircraft movements over the past few years, air- 
side delays arising from current levels of congestion are net insignifi- 
cant, and worthy of major efforts to reduce them. Airport Improvement 
Task Force studies of the top ten U.S. airports, sponsored by the 
Federal Aviation Administration (FAA), have found average delays over 
the year of between one and eip;ht minutes per aircraft, while delays to 
individual aircraft can be over an hour. It has has been estimated that, 
delays to aircraft in the U.S. due to airport congestion cost the air- 
lines over $1 billion in 1980. 

In interpreting these data, it should be noted that the cost esti- 
mates refer only to those costs incurred by the airlines as a conse- 
quence of delay. The general approach is to multiply the total delay in 
hours per year by the average hourly operating cost of the aircraft. 
While an estimate of the minutes of actual delay incurred by each flight 
can be made, obtaining a cost for that delay is considerably more diffi- 
cult. Apart from the usual problem in such studies of whether delay is 
additive, or in other words whether a delay to one aircraft of thirty 
minutes is the same as a two minute delay to each of fifteen aircraft, 
there is also, the question of whether the marginal and average hourly. 


aircraft operating costa are the same . In any event* the procedure 
ignores the cost of any inconvenience to the passenger arising from air-* 
craft delays, other than that for which the airlines provide coapenaa- 
tion. If these costs are added in, the resulting cost of air side delay 
is likely to greatly exceed $1 billion. 

The largest delays occur in Instrument Flight Rules (IFR) weather. 
Runway capacity is limited by safety concerns that translate into 
separation standards that essentially eliminate collision risk. In IFR 
weather, when aircraft cannot see each other and cannot be seen by the . 
tower controllers, more stringent separation standards and air traffic 
control (ATC) procedures are applied, reducing runway capacity and thus 
increasing the delays incurred by a given level of traffic. 

THE ROLE OF RUMWAY OCCUPANCY AMD OTHER FACTORS IN RUNWAY CAPACITY 

Hourly runway capacity is defined as the maximum number of aircraft 
operations that. can use a runway or a system of runways in an hour under 
specified operating conditions. An operation is an arrival or a depar- 
ture. 

Runway capacity (C) is the inverse of the minimum time interval or 
headway consistently achievable in saturated conditions (H), i.e: 


where time intervals between aircraft (headways) are measured at 
runway threshold. For arrivals, time intervals are measured from the 
time that the aircraft crosses the runway threshold. For departures. 
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Intervals are measured from the time that the aircraft starts its take- 
off roll on the runway* 

H depends on required separations between aircraft in the air and 
on the runway, and on aircraft speeds. Because individual values of 
headway vary (due to fluctuations in operating conditions, etc.), H is a 
weighted average value chat reflects the occurrence of different indivi- 
dual values of headway. 

For example, a runway may be used by a stream of narrow-body 
arrivals (e.g. B-727, DC-9). The minimum separation required between 
these aircraft in the air may be 3 miles, and they may travel at a 
ground speed of 120 knots. In this situation the minimum headway* ’ 
required is 90 seconds. In practice, controllers tend to add a "buffer" 
to the minimum headway to produce an average headway which can be 
regarded as the ralniraura headway consistently achievable under saturation 
conditions (H). In this example, we will let the buffer be 30 seconds 
and therefore H is 120 seconds. (In reality, actual headways between 
individual pairs of aircraft vary about the average and may be as low as 
80 seconds or as high as 160 seconds.) In this situation the runway cap- 
acity (C) is 30 aircraft per hour. 

The above example is simpler than often occurs in the real world 
because of (a) the influence of runway occupancy, (b) arrivals and 
departures using the same runway, (c) a mix of different types of air- . 
craft, and (d) other operating conditions. 

The above example can be extended to include runway occupancy, 'i.ie • 
aircraft may have a normal runway occupancy time of 50 seconds, and 



controllers may add a buffer of 20 seconds when making control Judg- 
ments. In this situation a minimum headway of 70 seconds would be 
required between aircraft to account for runway occupancy. 

Note that in this example the 3 ralle air separation requirement (90 
second headway) constrains capacity while runway occupancy (70 second 
headway) does not. In cases with mixed operations (arrivals and depar- 
tures using the runway) , runway occupancy would constrain capacity 
rather than air separation. Runway occupancy would also constrain cap- 
acity for an arrivals-only runway if the air separation requirement were 
reduced in the future. 

A list of, the factors that influence runway capacity 1s given in 
Table 1.1, divided into six general categories. Each of these 
categories is discussed below. 

Airfield characteristics. The airfield layout includes the number, 
length, width, orientation of, and the separation between, runways, 
taxlways (including runway exits), and the apron and aircraft parking 
areas. In general, an airfield with more and/or larger facilities has a 
larger capacity than an airfield with fewer and/or smaller facilities. 

Some exceptions and limits to this generalization exist, particu- 
larly when airfield components Interact with each other. Weather condi-' 
tions, pavement maintenance, noise, and other factors often csose some 
runways to be out of use. The number and direction of runways In use, 
and whether or not arrivals and/or departures are accommodated on each 
runway, will affect runway capacity. Landing aids, both Instrument 
(e.g. ILS) and visual (e.g. runway lights), can permit aircraft to make 
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Table 1.1 

Factors Influencing Runway Capacity 
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Airfield Characteristics Airfield Layout 

Runways in use 
Landing and Navaids 

Aircraft Demand Mix of Aircraft Types 

Ratio of Arrivals to Departures 

Aircraft Operating Characteristics Approach Speed 

Landing Profile 
Deceleration on Runway 
Exit Maneuvering 
Wake Turbulence 

ATC Squipment and Procedure* Radar 

Separations on Runway 
Separations in the Air 
Metering and Sequencing 

Weather Environment Ceiling and Visibility 

Wind 

Precipitation 
Temperature and Pressure 

Constraints. . \ . Noise . • 

Airspace 

Run^^ay Length and Strength 
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full use of a runway system, as can navaids (e.g. VORTAC). 

Aircraft demand . The mix of different aircraft types using a run- 
way system will influence capacity because of different aircraft operat- 
ing characteristics and ATC procedures that apply. The ratio of 
arrivals to departures is also important because these two types of 
operation have different separation requirements. 

Aircraft operating characteristics . Each type of aircraft and each 
Individual aircraft exhibit different aircraft performance from day to 
day because of variations in aircraft operating characteristics and 
pilot technique. Approach speeds may vary because of different aircraft 
weight or wind velocity, and the landing profile may vary depending on' 
pilot technique. Deceleration on the runway Is inflvenced by surface 
conditions (braking action), reverse thrust and braking capabilities, 
and pilot technique. The maneuver to exit from the runway depends on 
aircraft size, and turn characteristics in addition to exit design and 
pilot technique. Wake turoulence produced by an aircraft and the sus- 
ceptibility of following aircraft to this wake also influence runway 
capacity. 

^ equipment and procedures . The availability of radar permits 
aircraft to be safely separated at distances less then would otherwise 
be feasible. Separations between aircraft on the runwey and in the air 
are Influenced by minimum separation requirements identified in FAA 
Handbooks. Systems used to organize a smooth flow of aircraft to a run- 
way (metering and sequencing systems) will also affect the actual air- 
craft separations achieved and hence runway capacity. 



Weather environment . Low cloud ceiling and/or visibility influence 
capacity; directly, by limiting the ability of aircraft to land on run- 
ways; and indirectly, by causing air traffic controllers to use larger 
separations between aircraft. Headwind slows aircraft down and 
crosswind makes landings more difficult, and both of these factors can 
limit capacity. Precipitation can result in reduced tire-pavement fric- 
tion, thereby limiting the deceleration that can be achieved by braking 
or by use of reverse thrust (due to pilot concerns about aircraft sta- 
blllby in crosswinds) . Temperature and pressure can influence runway 
length requirements and approach and departure speed, thereby impacting 
capacity indirectly. 

Operating constraint s. A number of constraints can reduce capacity 
to lower levels than could be achieved without these constraints. Lim- 
its on aircraft noise can reduce or eliminate the feasibility of certain 
runway uses and/or ATC procedures. Airspace constraints (due ta adja- 
cent airports, topography, restricted areas, etc.) can also eliminate 
certain runway uses and/or ATC procedures. Runway length and strength 
constraints can mean that certain aircraft cannot use particular run- 
ways . 


Many of the f‘'ctors listed in Table 1,1 influence capacity in part 
by influencing runway occupancy time. When runway occupancy time con- 
strains runway capacity, the constraint reflects both the mean occupancy 
time and the variations around the mean (i.e. uncertainty about the 
actual value of runway occupancy time for a specific aircraft). 



Both the mean and the variation of runway occupancy time are pro- 
foundly influenced by the exit selected by u pilot to leave the runway. 
In general, lower mean runway occupancy times occur when pilots select 
exits closer to the runway threshold. Larger variationr in runway occu- 
pancy time occior when conditions cause some pilots to select one exit 
while other pilots select different exits. Exit selection is a compli- 
cated process performed by the pilot based on numerous variables, 
including many of those listed in Table 1.1. 

Efforts to reduce runway occupancy time must therefore include the 
provision of appropriate exits and assistance to oilots in selecting the 
exit that will safely minimize runway occupancy time for the specific, 
conditions prevailing. 

IMPLICATIONS OF. FUTURE TRENDS IN THE AYC SYSTEM 

The National Aeronautics and Lpace Administration, FAA, and others 
are conducting an extensive research, engineering, and development 
(R,E&D) program that is designed to improve the ATC system, 'fhe goals 
of the R,E&D program are oriented (1) to provide safe and efficient ser- 
vice for the higher levels of aviation demand that are predicted for the 
future, and (2) to make gains in productivity and reduce controller 
workload. 

One of the objectives of the program is to achieve reductions in 
separations between aircraft and consequent increases in runway capac- 
ity. For example the program may result in reductions in; 

e The ralniraam longitudinal separation between a'^rcraft 
on the final approach course; from three miles today 



to either two and one half or two nilea in the future 


9 The minlmixB lateral separation between aircraft con* 
ducting simultaneous independent approaches to paral* 
lei runways; from 4300 feet today to as low as 2500 
feet in the future, 

• The minimvw separation between aircraft conducting 
dependent final approaches to parallel or converging 
runways may also be reduced. 

Each of these reductions in separation would enable more aircraft per 
hour to approach runways in IFR weather conditions. In this situation, 
runway occupancy time would become an even more Important influence on 
runway capacity than it is today. 

Various elements oi‘ the R.EiD program offer the potential for new 
equipment and procedures that may assist in managing runway occupancy 
mere effectively in the future. 

Onj element of the program alms to increase the capability for 
all-weather operations; including reduced weather minima for approach,, 
landing, roll-out, and taxiing off the runway. The Improved guidance 
systems and positive indication of a clear runway that are required for 
all-weather operations are being investigated by FAA. 

Another element of the program addresses the potential for 
increased pilot involvement In ATC functions. Cockpit display of 
traffic information would permit the pilot to make direct Judgments con- 
cerning the availability of a runway for landing. 

A third element of the program relates to increased accuracy of 
four-dimensional navigation. Microwave landing systems and s^tell Ve 


based navigation systeaa offer the potential for Improved position accu- 
racy, while Integrated ATC flow management and Improved aircraft flight 
management systems offer the potential for Improved timing of 
approaches. Automated data links offer the potential fer rapid Inter- 
change of data between an aircraft and the ground or other aircraft. 
j.ach of these Items contributes to Improved four— dimensional accuracy 
which could be extended from the approach phase to the landing and 
roll-out phase. 

A fourth element of the progrsnr Includes techniques to improve the 
monitoring and control of aircraft on the airport surface. Improved 
ground surveillance radar and alphiinumerlc displays would offer the 
potential for Improved verification of runway occupancy and clearance. 

In summary, future trends in the ATC system imply that (1) runway 
occupancy will become more critical in the future than It Is today, and 
(2) that teclinology will be available to assist in refining runway occu- 
pancy. The challenge is to find w^ys to adapt and use the developing 
technology to provide benefits in the area of runway occupancy. 

IMPLICATIONS OF HEW AIRCRAFT TECHNOLOGY 

A considerable research and development program Is currently being 
conducted by NASA and others to develop the necessary technology for 
advanced short-haul aircraft. The need for new technology arises out of 
the recognition that many existing conventional air carrier aircraft are 
designed to operate most economically over longer stage lengths than 
those usually associated with short-haul operations. At the same time, 
the development of an entirely new type of aircraft, configured 



expressly for a short-haul mission and utilizing the most advanced tech- 
nology available • presents an opportunity to design an aircraft with 
performance characteristics on the runway and in the terminal airspace 
that will enable it to utilize short runways, thereby permitting 
expanded operations at busy airports. 

The characteristics of an advanced technology short-haul aircraft 
are likely to include 

• relatively short take-off and landing distances 

• steep climb and descent profile potential 

a improved low-speed handling for maneuvering in the 
terminal airspace 

a relatively low approach and climb speeds 

• improved instrumentation and approach aids. 

The development of new aircraft presents opportunities to include * 
special features that would enable a higher runway capacity to be 
achieved. It also points out the need to examine the interaction of 
advanced short-haul and conventional aircraft when operating in mixed 
streams, and the impact of advanced short-haul aircraft operating 
separately from the conventional aircraft stream within the existing 
airspace and airfield. These interactions and Impacts may impose 
restrictions on the operation of conventional aircraft by limiting their 
ability to fully utilize new measures designed to reduce runway occu- 
pancy time. For example, a parallel short runway with triple arrival 
streams may limit aircraft separations on the approach paths to the 
other runways, or traffic crossing from a separate short-haul runway may 
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reduce the capacity of a conventional runway. These llnltatlons would 
tend to offset the capacity increases that the new technology offers. . 

Consideration of the Impacts of advanced short-haul aircraft tech- 
nology should include both the performance characteristics of the new 
aircraft and the consequences of dedicated airspace and airport areas 
for separate short-haul operations. 

OBJECTIVES OF THIS STUDY 

The overall goal of the research was to identify and assess poten- 
tial improvements that may reduce the impact of runway occupancy on air- 
port congestion, today and in the future. 

Specifically, the following four objectives for the research were 
identified: 

1. Develop a thorough understanding of the factors that 
affect runway occupancy, and the extent of their 
effect. 

2. Identify potential innovations that appear promising 
in terms of their effectiveness in meeting the objec- 
tive of reducing the impacts of runway occupancy on 
airport congestion. 

3. Design a r^esearch program to assess in depth the 
impacts of the promising potential innovations, and to 
determine the requirements for their implementation. 

4. Assess the impact of technology developments in the 
areas of advanced short-haul aircraft and air traffic 
control measures on runway occupancy. 

F actors , affecting the approach and landing process may be'. 
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classified into five general categories: 
t . Aircraft 

2. Airport 

3. Pilot 

Air Traffic Control 
5. Environment. 

Within each of these categories, there are many individual factors.. 
that influence the approach and landing process. For example, factors 
in the aircraft category Include aircraft type, landing configuration, 
landing weight, and instrumentation. One objective of the research was 
to gain a better understanding of the relative importance of these fac- 
tors in determining runway occupancy time. 

Potential Innovations were identified, described, and assessed to 
establish (1) the benefits that might be obtained, (2) the requirements 
for implementation, and (3) the side effects resulting from implementa- 
tion. Results of the assessment were used to assist in identifying the 
more promising innovations. 

The definition of a research program required to further analyze 
potential innovations or to move the Innovations towards practical 
implementation was an important component of the study. In particular, 
such a research program would Include any data acquisition needed to 
complement available relevant data and permit a thorough evaluation of 
promising innovations. 

The potential contribution of edvaneed technology short-haul 
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aircraft on runway occupancy was also assessed, together with identifi- 
cation of areas of further modification to this technology to support 
runway occupancy reduction objectives. Investigation of potential inno- 
vations Included consideration of the requirement for, and contribution 

.new technology in air traffic control equipment development. 

Scope of the Research. 

The research was exploratory In nature and its main objective was 
to identify arid assess potential innovations. The research scope encom- . 
passed the necessary analysis to address the two classes of questions 
identified earlier: airport and air traffic control questions of partic- 
ular interest to the KAA, and aircraft technology questions of particu- 
lar interest to NASA. To accomplijh research objectives within limited 
resources, the scope has been specifically limited in certain areas. 

One limitation was that no additional data acqulslticn be under- 
taken during the research. Data needs, over and above those data which 
already exist, have been identified as part of a follow-on research pro- 
gram aimed at further assessment of promising Innovations. Another lim- 
itation to the scope was a "ocus on air carrier operations. General 
aviation aircraft have runway operating characteristics that are typi- 
cally significantly different from air carrier aircraft and often have 
significantly lower runway occupancy times. While it is possible that 
developments in advanced short-haul aircraft technology may create more . ■ 
of a continuum between air carrier and general aviation aircraft, the 
eraplrlcal investigations in this research have focussed only on air car- 
rier operations. 



In Ldentlfying potential innovations, no a priori limitations were 
placed on scope. The research sought to Identify as complete a set as 
possible of potential Innovations that may require changes to the air- 
craft, airport, pilot procedures, and air traffic control system. Even 
potential innovations that appeared on first glance to be unrealistic or 
infeasible were only excluded after some assessment. Increased realism 
was Introduced as some Innovations were eliminated and the more promis- 
ing ones Identified and subjected to further assessment. In making 
assessments of the potential Innovations, the scope was sufficiently 
wide to address, at least In a preliminary manner, all Impacts Including 
technical, economic, operational, safety, environmental, energy, politi- 
cal , and institutional impacts . A broad scope at this early stage 
ensured that the most promising innovations were ii ^ ...ifled. 

As part of the analyses involving the factors that determine runway 
occupancy time, models of the aircraft landing process were developed, 
and extensive use was made of the FAA runway capacity models. 

Research Plan. 

The plan for the conduct of the research focused on five major 
activities that are tied directly to the objectives of the research. 

1. Assessment of available data. This step consisted of preparing an 
inventory of data sources and then acquiring selected data on run- 
way operations and occupancy time. The data acquired was reduced 
as necessary and analyzed with two purposes in mind. The first was 
to assess the accuracy and :>uitablllty of the data for purposes of 
this research. The second was to extract from the data Information 


needed to infer the impacts of the various factors that affect run- 

ft 

way occupancy time. 

2. Identification of significant factors . Analysis of the data was 
performed to Identify the factors that appear to have ar :ffect on 
runway occupancy time and to quantify their effects. 

3« Identification of potential innovations. This activity consisted 
of a complete and unrestricted identification of all potential 
innovations that could be used to reduce runway occupancy mainly by 
acting on the factors that appear significant in influencing runway 
occupancy times. 

Assessment of innovations. A set of performance evaluation cri- 
teria were identified and related to the objective of reducing run- 
way occupancy. These criteria included implementation costs, 
financing, envi’rohaental, energy resource, safety, political, and 
institutional aspects, and measures of an innovation's impact on 
capacity, delay, and operating costs. The criteria were applied to 
the innovations in an evaluation process. The result of this pro- 
cess was a coherent set of packages of innovations that are deemed 
worthy of additional investigation and potentially promising for 
implementation. 

5. Implementation requirements. The research concluded with a defini- 
tion of the implementation requirements of the promising innova- 
tions in terms of the additional studies and evaluations needed. 

These five activities are described in more detail in the following 

four chapters. Chapter 2 describes the current situation regarding the 
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ini^liwnee of runway f*ccup8ncy tine on capacity t docunents the previous 
studies that have been performed addressing the runway occupancy 
behavior of aii carrier aircraft, as well as the data sources identified 
in the course of the research, and summarizes the effect of the factors 
that were found to influence runway occupancy time. Chapter 3 describes 
the identification and preliminary evaluation of potential innovations 
to reduce runway occupancy time. The more promising innovations were 
then grouped into six packages which are described and evaluated in 
Chapter 4, Chapter 5 summarizes the findings of the study and identi- 
fies the further research required to move the innovation packages 
toward Implementation . 



2. THE CURRENT SITUATION CONCERNING RUNWAY OCCUPANCY 


The search for ways to reduce the runway occupancy time of landing 
aircraft is not Just a recent concern, but has been the subject of con- 
siderable attention in the past. Indeed, the more general concern over 
the saturation of airside capacity at major airports following the 
introduction of the Jet transport aircraft and growth of air travel in 
the early sixties led to studies of runway occupancy that resulted in 
the current design criteria for exit taxiway geometry and location. The 
introduction of the wlde-body aircraft, and the subsequent shift in 
congestion ft*om the airside towards the landside, reduced some of the 
pressures on runway capacity, while increased separation requirements 
necessitated by wake turbulence from large aircraft shifted attention 
away from runway occupancy time as a constraint on capacity. As a 
consequence, the pace of research on runway occupancy problems slowed 
considerably. However, with the recently renewed interest in runway 
capacity, a number of studies have been performed that collected valu- 
able data on the operation of the runway system. 

This chapter examines the current state of knowledge about both 
runway occupancy and the factors affecting it. Runway occupancy is 
important because it affects runway capacity, and therefore this chapter 
begins with an examination of the Influence of runway occupancy time on 
capacity. This examination is followed by a review of previous studies 
of runway occupancy, and data sources on the performance of aircraft on 
the runway system. Finally, based on analysis of these data and previ- 
ous work, the primary factors affecting runway occupancy time are iden- 
tified and discussed. 





THE INFLUENCE OF RUNWAY OCCUPANCY TIME ON CAPACITY 

As indicated in the previous chapter • runway occupancy time can 
have different xcvels of impact on runway capacity, depending on the 
specific situation. In some situations, required separations between 
aircraft in the air are sufficiently large that they determine capacity 
directly, and runway occupancy does not influence capacity. In other 
situations, required separations between aircraft in the air do. not 
affect capacity sigi ificantly, and there is an inverse relationship-’ 
between runway occupancy time and capacity. 

For example, in IFR weather conditions and with today's ATC rules, 
the capacity of a runway which is used for arrivals only is not normally 
influenced by runway occupancy. However, if the runway were used by 
arrivals and departures, then runway occupancy is a major factor in cap- 
acity. 

Typical values of arrival runway occupancy time of large Jet trans- 
port aircraft (e.g. B727) are in the range 45 to 65 seconds. Typical 
required separations between these aircraft in the air are 3 to 4 miles, 
which translates to a headway of approximately 85 to 110 seconds. Typi- 
cal values of departure runway occupancy time are in the range 35 to 50 
seconds. 

Figures 2 ^^ and 2.2 illustrate the influence of runway occupancy 
tine on IFR hourly runway capaci*:y for several different situations. 
Figure 2.1 presents data for a runway used only by arrivals (100% 
^/rivals), while Figure 2.2 presents data for a runway used equally by 
arrivals and departures (50% arrivals). Two sots of curves are shown on 
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FIG. 2.1 Influence of Runway Occupancy Time on IFR Capacity 
Landings Only. 






each figure, one set relating to today's ATC rules (with :: mlnlmun 
separation of 3 miles in IFR conditions) and the second set of curves 
relating to one alternative potential future aTC rule (with a minimum 
separation of 2 miles). The Impact of two alternative aircraft mixes 
are also presented: the first mix contains only B-727 type aircraft, 
while the second mix is representative of mixes encountered at large hub 
airports (with approximately 15% heavy Jets and 10% small aircraft). 

The graphs demonstrate that when arrival runway occupancy time is 
large, it can directly influence capacity, and that when runway occu- 
pancy is small its influence on capacity is often masked by other Influ- 
ences (e.g. required separation in the air, or departure runway occu- 
pancy time) . 

Changes in runway occupancy time can cause different impacts on 
runway capacity, delays to aircraft, and aircraft operating cost, 
depending on the specific operating conditions. For the baseline situa- 
tion discussed in this report (two independent parallel runways, typical 
mix at large hub airports, etc.) a 20 percent reduction In runway occu- 
pancy time would cause approximately 6 to 10 percent increase in runway 
capacity. For an airport operating with a demand close to capacity, 
this might achieve a 20 percent reduction in delays to aircraft in the 
peak hour. When averaned over the year, these delay savings might be of 
the order of %75 million per year at the nation's busiest 25 airports. 
These values are order-of-magritude estimates only and should be refined 
as specific innovations are considered for implementation. 

The amount of benefits obtainable from a reduction in runway occu- 
pancy time depends on the prevailing operating conditions. For example. 



the benefits are greater with a stream of B-727 type aircraft than with 
the typical mix of traffic at large hub airports. The following tabula-* 
tion identifies several different factors and their general effect on 
the significance of benefits to be obtained from reductions in runway 
occupancy time: 


Factor 


More Benefits 


Leas Benefits 


Aircraft mix 


All B727 type aircraft 


Percent arrivals 

ATC system 
Demand 


Equal amount arrivals, 
departures 

Future-reduced separation 
High 


Typical mix, 
large hub 
ill arrivals 

Today’s system 
Low 


DEFINITION OF RUNWAY OCCUPANCY 

The rules governing runway occupancy are cefined by FAA. These FAA 
rules require specific minimixa separations between aircraft using a run- 
way. Different rules apply for arrivals and departures and for dif- 
ferent categories of aircraft. In addition, certain deviations may be 
permitted . 

Arrival Aircraft Runway Separations . An arriving aircraft must be 
separated from a previous aircraft using the same runway by ensuring 
that the aircraft does not cross the landing threshold until the previ- 
ous aircraft has either landed and taxied off the ru»iway (if the previ- 
ous aircraft is an arrival) or departed and crossed the runway end (if 
the previous aircraft is a departure). The precise language is given in 
Appendix A, Paragraph 1120. (Appendix A is extracted from FAA Order "Air* 



Traffic Control" 7110.65B, Change 1/1/81.) 

Certain additional rules are specified by FAA which modify this 
definition to permit a second aircraft to use the runway before the 
first aircraft has cleared the runway. Examples of these variations are 
given In Appendix A« Paragraphs 1120 and 1121 for land based aircraft, 
and Paragraph 1522 for sea lane operations. Note that the rules are 
different for Categories I, II, and III aircraft. (Category I aircraft 
are lightweight single engine personal type propeller driven aircraft. 
Category II aircraft are lightweight twin engine propeller driven air- 
craft weighing 12,500 lbs. or less. Category III aircraft are all other 
aircraft.) 

Departure Aircraft Runway Separations. A departing aircraft must 
be separated from a previous aircraft using the same runway by ensuring 
that the aircraft does not begin take-off roll until the previous air- 
craft has either landed and taxied off the runway (if the previous air- 
craft is an arrival) or departed and crossed the runway end (if the pre- 
vious aircraft is a departure). The precise language is given in Appen- 
dix A, Paragraph 1110. 

As in the arrival case, certain additional rules are specified by 
FAA which modify the definition of departure runway separation require- 
ment to permit a second aircraft to use the runway before the first air- 
craft has departed and crossed the runway end. Examples of these varia- 
tions are given in Appendix A for land-based aircraft and sea lane 
operations. 

P rocedural Deviations. Further deviations may also be permitted 


fpoo these rules to cover exceptional or unusual requirements. Examples 
nf these deviations are given in Appendix A, Paragraph 11, 

For military operations, a flight of aircraft may contain two cr 
more aircraft in formation. These are considered to be a single air- 
craft operation as far as air traffic control is concerned. Therefore, 
all aircraft belonging to a flight may be cn the runway at the same 
time. 


Major_ USAF Air Commands define their own procedures for required 
separations between aircraft on the runway that belong to different 
flights. For example, some USAF Commands require only <1000 ft. between 
tactical aircraft landing on the runway between sunrise and sunset. 

Rationale for Required Separations on the Runway, lequlred separa- 
tions between aircraft are designed to avoid collisions between the air- 
craft while they are on a runway. The various required separations' 
appear to have evolved over time in response to concerns about safety, 
capacity, and the different characteristics of aircraft. 

Special and more rigorous requirements apply to group III civil 
arrival aircraft when compared with all other types of aircraft (l.e. 
groups I and II aircraft, military aircraft, and departures). Only 
group III civil arrival aircraft are required to completely leave the 
runway before another aircraft crosses the runway threshold (or rolls on 
takeoff). In other cases, more than one aircraft are permitted on the' 
runway at the same time. The rationale for the special treatment of 
group III civil arrival aircraft is not clear, but it may be related to 
the lack of maneuverability of these aircraft and/or the potential 
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severity of any accident Involving these aircraft. It is not clear that 
the current definition of required runway separation for group III civil 
arrival aircraft provides the optiraim tradeoff between safety require- 
ments and runway capacity. 

No written documentation is currently available from FAA that 
explains the rationale for the rules* and in fact other FAA rules appear 
to imply that the runway separation requirements for group III civil 
arrival aircraft may be overly conservative. 

For example* Appendix A* Paragraph 1121* gives required separations 
for operations on intersecting runways. Aircraft arrival operations on 
one runway can take place simultaneously with operations on an inter- 
secting runway as long as instructions are issued to restrict one air- 
craft from entering the intersecting runway to be used by another air- 
craft. The distance required between the landing threshold and an 
intersecting runway in order that an aircraft can stop short is given in 
FAA Order "Facility Operation and Administration" 7210. 3E Change 5* 
10/9/80. Appendix B* Paragraph 1227* extracted from this order* shows 
tha'. the distance depends on airport elevation and aircraft group. 
Definition of aircraft groups is contained in Appendix 3 to FAA Order. 
711C,65B which is reproduced as Appendix C to this report. A summary of 
sel^ .‘ted aircraft types and stop-short distances at an airport with less 
that 1000 feet elevation is given in Table 2.1. 

Table 2.1 shows that most lar^e jets (e.g. B727* B737, DC9) can 
stop short of an intersecting runway 6,000 feet from the landing thresh- 
old and that most h? vy jets (e.g. A300. B707, B767, L101 * DCS, DC10) 
can stop short in 8/00 feet. (In addition, many of these heavy jets • 



Table 2. 1 


Selected Arrival Aircraft Stop-Short Distance 
Requlresents 


Distance Aircraft Aircraft 

Group Type 


2,000. 

2 

DH7 

4,500 

3 

FA27 

DC3 

H265 

6,000 

4 

B727 

B737 

HS748 

LR25 

G2 

L183 

DC9 

8,000 

5 

CONG 

A300 

B707 

B745 

B767 

L101 

DC3 



DC10 • 

8,400 

5A 

B747 


Source: FAA Orcfers 7110.65B and 7210, 3E 


regularly land on runways that are 7,000 feet or less In length, e.g. 
LaGuardla Airport.) Based on this data, it could be argued that aircraft 
that can stop short of other runways can also: 

a) Use a specified exit from the runway, located at or 
beyond the stop-short distance, or 

b) Stop on the runway by the stop-short distance, thereby 
avoiding another aircraft that stopped on the runway 
beyond the stop-short distance. 

Incorporation of this rationale into FAA rules could permit significant 
increases in runway capacity by reducing runway separation requirements. 

Figure 2.3 shovn an arrival aircraft deceleration profile for a 
B727-200 taking ah exit 6800 feet down Runway 26 at Atlanta. This air- 
craft took 142 seconds to reach 6000 feet and b6 seconds to reach the 
exit at 6800 feet. If the runway separation required were modified to 
permit a similar aircraft to use the runway when the first aircraft 
crossed the 6000 feet point, 1U seconds time separation (25S of today's 
runway occupancy time) might be saved in this case. 

An argument against this modification to runway separation require- 
ments might be based on safety grounds. The most critical situation 
appears to occur when both the lead and trailing arrivals suffer 
specific emergencies that cause the. following actions: 

1. The lead aircraft decelerates quickly on the runway 
and stops on the runway short of the 6000 foot point. 

2. The second aircraft either (a) executes a missed 
approach or (b) does not decelerate as rapidly as the 
first aircraft. 







In practice, even this unlikely situation vrould probahly not result In a 
collision. For example. If the first aircraft decelerates very rapidly 
(at say 8 feet per second per second, twice the nCrmal rate) from a 
short touchdown point (750 feet, half the normal distance); It will stop 
31 seconds after crossing the threshold at a distance of 3775 feet from 
the threshold. If the two aircraft are separated by 45 seconds (1.6 
miles at 130 knots), the first aircraft will come to a 4top while the 
second aircraft la more than half a mile from the runway threshold, at 
an altitude of more than 200 feet above the runway. It Is very likely 
that the second aircraft will have been alerted concerning the first 
aircraft's difficulties before the full 31 seconds has passed. However, 
even If It learns of the problem after 31 seconds, there Is still suffi- 
cient time available for the second aircraft to make a missed approach 
or go— around without colliding with the first aircraft (which Is sta- 
tionary at a point ‘3775 feet from the threshold) . 

It therefore appears that there Is some potential for changing ATC 
rules concerning runway occupancy to achieve gains In runway capacity 
without compromising safety significantly. 

Need for Review of Runway Occupancy Rules. Given the potential for 
reduced runway separation requirements for Group III civil aircraft and 
the uncertainty about the rationale for today's standards, a further 
examination of runway separation requirements Is appropriate. Further 
theoretical analysis, data collection, aircraft simulator runs, and live 
field tests under controlled conditions could demonstrate whether 
reduced runway separation requirements are safe and feasible. 
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This further work should also examine the rationale for selecting 
"time across threshold" and "tall of aircraft crosses runway edge" as 
the basis for runway separation requirements. A series of alternative 
defliiltlons for the start of runway occupancy Is available, for example: 

• Time across start of approach lights 

• Time across threshold 

• Time of touchdown. 

It Is not clear In advance of detailed analysis why the second of these 
three definitions Is the best definition, given safety and capacity con- 
siderations. Time across start of approach lights would give some 
Increased margin ' for error at the cost of reduced capacity. Time of ‘ 

touchdown would yield cap-city gains at the cost of reduced margin for 

error. 

Similarly, a series of alternative definitions for the end of run- 
way occupancy Is available, for example: 

• Time tall of aircraft clears runway hold line 

• Time tall of aircraft clears runway edge 

• Time nose of aircraft clears runway edge 

• Time aircraft leaves runvjy center-line for exit. 

It Is again not clear why the second of these four definitions Is the • ; 
best definition given safety and capacity considerations. 

The above discussion Illustrates that reductions In crrlval runway 
occupancy time and gains In capacity can be obtained by changing the ATC 
rules, without altering the way that aircraft perform during landing and 
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roll«-out* The following paragraphs discuss the possibility of changing 
the way that aircraft decelerate without changing the ATC rules. In 
practice, a combination of ATC rule and aircraft performance changes may 
be the most effective method of achieving capacity gains. 

CHANGES IN AIRCRAFT PERFORMANCE ON THE RUNWAY 

Runway occupancy time is determined by the performance of the air- 
craft from the runway threshold to the exit. Several major events occur 
during runway occupancy: 

1 • Aircraft crosses runway threshold 

2. Main gear touches down 
3« Reverse thrust starts 

4. Braking starts 

5. Reverse thrust ends 

6. Braking ends 

7. Exit maneuver starts 

3. Aircraft clears runway. 

These events do not necessarily occur in the order shown. The sura 
of the time between these events equals runway occupancy time. The time 
between any two events is influenced by aircraft performance capabili- 
ties, environmental conditions, airfield layout and condition, air 
traffic control instructions, and pilot technique. The time between 
events is addressed in the following paragraphs. 

Aircraft, crosses runway threshold to main gear touches down. When ' ' 



conducting a precision approach, the pilot normally Intends to cross the 
runway threshold 50 feet above the runway, at a descent rate that 
corresponds with the glide slope, and at a speed that reflects aircraft 
weight and wind conditions. At some stage during the descent, approach 
speed Is reduced and a flare Is Initiated to reduce the descent rate at 
touchdown. Variations In aircraft performance, environmental condi- 
tions, and pilot technique cause the distance and/or time to main gear 
touchdown to vary from aircraft to aircraft. Typical values of time 
from threshold to main gear down may range from 6 to 10 seconds. (All 
times In these paragraphs are approximate and refer to Boeing 727 type 
aircraft. Note that the times are not necessarily additional because of 
the overlap of some events.) 

Main gear touches down to reverse thrust starts. When the main 
gear touches down, • the spoilers are deployed and lift Is essentially 
eliminated. The nose of the aircraft drops until the nose gear touches 
down. The pilot mentally confirms that a safe landing can continue and 
then engages thrust reversers and increases engine speed. Depending on 
pilot technique, reverse thrust may be initiated before the nose gear 
touches down. The amount of reverse thrust is selected by the pilot, 
depending on airfield, environmental, and air traffic conditions. Typi- 
cal values of time from main gear down to start of reverse thrust may 
range from 2 to 6 seconds. 

Reverse thrust starts to braking starts. Reverse thrust is most 
effective in deceleration at higher speeds, while braking is most effec- 
tive at lower speeds. Host pilots use a combination of braking and 
reverse thrust to maintain a relatively smooth deceleration process. 



Braking will tend to start earlier In situations with a dry and/or short 
runway, with an exit located close to the threshold that ralnlnizes 
travel time to the gate, and in heavy traffic conditions. Pilot tech- 
nique is paramount in this process. Typical values of time from start 
of reverse thrust to start of braking may range from 5 to 20 seconds. 

Braking starts to reverse thrust ends. Reverse thrust becomes less 
effective at lower speeds, and in addition there is the potential for 
debris to be sucked into the engines. Several airlines require pilots 
to end reverse thrust at speeds between 60 and 90 knots. Typical values 
of time from start of braking to end of reverse thrust may range from 5 
to 20 seconds. . 

Reverse thrust ends to braking ends. Braking ends when the pilot 
is assured that the exit maneuver can take place safely. Safe, exit 
speed depends on exit angle, turn radius, and length of exit, and ranges 
from 10 to 60 knots. Typical values of time from end of reverse thrust 
to end of braking may range from 10 to 25 seconds. 

Braking ends to exit maneuver starts. The exit maneuver commences 
when the aircraft leaves the runway centerline to enter the exit. 
Pilots tend to adjust the deceleration process to essentially complete 
deceleration by the start of the exit maneuver. Typical values of time 
from end of braking to start of exit maneuver may range from -5 to •*■10 
seconds. 

Exit maneuver starts to aircraft clears runway. The runway is 
dear when the tail and wing of the aircraft- are clear of the runway 
edge. The time taken to clear the runway depends on exit speed and 



layout, A longer distance (approximately 700 feet) must be travelled by 
aircraft to clear a runway by means of a high speed exit than the dis- 
tance (approximately 350 feet) travelled to clear a runway by a right 
angled start of exit. Typical values of time from start of exit 
maneuver to aircraft clearing runway may range from 7 to 20 seconds. 

The above paragraphs demonstrate that there are many components and 
factors that influence runway occupancy time. The impact of varying 
some of these factors on runway occupancy time was tested by running a 
computer model that simulates aircraft movement. 

The baseline deceleration profile is shown in Figure 2.4. In this 
hypothetical baseline case, the aircraft crosses the runway threshold at 
134 knots, decelerates at 0.75 ft/sec2 the air, and the main gear 
touches down after 7 seconds at 1600 feet from the runway threshold. 
The nose gear touches down after 10 seconds when the aircraft is travel- 
ling at 130 knots. After 28 seconds, the aircraft is 5500 feet down the 
runway, travelling at 80 knots after decelerating at 4.5 ft/sec2 on the 
runway. After 49 seconds, the aircraft is 7300 feet down the runway, 
travelling at 40 knots. Deceleration continues until the aircraft stops 
after 58 seconds, 7500 feet down the runway. For this aircraft,, 
appropriate exit locations are given in Table 2.2. 

Table 2.3 illustrates the Impact of varying threshold speed, air- 
borne deceleration and runway deceleration on exit distance and time to 
exit. (Hote that exit maneuvering time is not included in this table.). 
A reduction in threshold speed of 14 knots reduces exit distance by 1200 
feet and exit time by 5 seconds. An increase in airborne deceleration 
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Impact of Aircraft 

Speed and Deceleration on 

Runway Occuoancy 


SPEED AT THRESHOLD 


Threshold Speed 

Distance to Exit Speed 

Time to Exit Speed 

(knots) 

(ft) 

(sec) 


6300 

36 

120 

5100 

31 


DECELERATION IN AIR 


Airborne Deceleration 

Distance to Exit Speed 

Time to Exit .Speed 

(ft/sec2) 

(feet) 

(seconds) 

0.75 

6300 

35 

2 

5700 

33 

4 

4800 

28 


DECELERATION ON RUNWAY 


Runway Deceleration 

Distance to Exit Speed 

Time to Exit Soeed 

(ft/seo2). 

(feet) 

(seconds) 


6300 

36 

6 

5300 

29 

6 

4500 

24 


Note; Based on 60 knots exit speed 




of 1.25 ft/sec2 reduces exit distance by 600 feet and exit time by 3 
seconds. An increase in runway deceleration of 1.5 ft/sec2 reduces exit 
distance by 1000 feet and exit time by 7 seconds. 

Variation of other factors can cause similar changes in exit dis- 
tance in time. In practice, these values change from day to day, air- 
craft to aircraft, and pilot to pilot. 

INTERACTION BETVEEN RUNWAY OCCUPANCY AND APPROACH PARAMETERS 

Reduction in runway occupancy tim^- will result* in an increase in. 
runway capacity only if this time is larger than the headway between 
aircraft using the runway. This is always true regardless of whether 
the runway \a used for mixed operations or for landings or take-offs 
alone. Therefore any assessment of innovations that are introduced for 
the reduction of runway occupancy time has to be done with the total 
runway system .in mind. In the final analysis, the capacity of the run-', 
way depends on the headway that can be achieved between aircraft op>era- 
tions. For example, in the case of landings only, the headway between 
aircraft crossing over the threshold will determine the capacity flow 
rate on the runway. If that headway is limited by the runway occupancy 
time of landing aircraft, then the reduction of this occupancy time will 
result in an increase in capacity. 

Time headway between Landing Aircraft 

Aircraft arriving on a common approach path have to be separated’ 
according to a set of rules. The rules generally refer to distance 
between aircraft and are motivated by the concern for safety from colli- 
sion. Current rules stipulate that under IFR conditions the minimum- 


separation is 3 nautical miles when neither of the aircraft in question 
is heavy. The prospects for reducing this separation to say 2.5 or 2 
nautical miles has been the subject of considerable study and analysis. 
It appears that air traffic control and air navigation technology 
advances may make such reductions feasible. The concern with runway 
occupancy time is that while it does not seem to be constraining at the 
present time, it could become a limitation if reductions in separation 
become feasible from the technological and operational viewpoints. 

The time headway between aircraft is related to the distance 
separation, or spacing between them. Assuming for the moment that all 
aircraft fly at the same speed. V. on the final approach to a runway, 
and if the spacing between aircraft is maintained at a value of D, then 
the time headway between aircraft (H) is given by 



and consequently the flow rate on the runway reaches a maximum, or cap- 
acity, of 


when there are aircraft waiting to land at all times. This equation 
indicates that, while capacity 1s inversely proportional to the spacing 
maintained between aircraft, it is also directly proportional .,,e 
speed at which aircraft approach the runway. Increasing the speed will 
increase capacity by reducing rwadway even with the same spacing between 



aircraft. 


intereating to note that a given tine headway between air* 
craft can be maintained while reducing the spacing between aircraft, by 
reducing the speed. Thus, if it is desired to maintain time headway of 
70 seconds between landing aircraft, then aircraft spaced at 3 nautical 
miles can fly at a speed of 154 knots; but the same headway, or time 
separation, can be maintained between aircraft that are. 2*5 nautical 
miles apart flying at 129 knots. This raises the question of the extent 
to which safety is maintained by distance separation rather than time 
separation (headway) between aircraft. If headway is as effective in 
maintaining safety as distance separation, then it would follow that the 
distance separation between aircraft need not be fixed, if flying speed 
could be varied. 

From the perspective of runway occupancy time, the distance separa- 
tion between, landing aircraft is of no concern; what matters is the 
headway. The speed at which aircraft approach a runway impacts their 
runway occupancy time. For example, higher approach speeds result in 
longer runway occupancy times. Thus, runway capacity may be increased by 
raising the approach speed in order to reduce the time headway between 
aircraft, but there is a limit to this strategy, since the Increase in 
speed will also raise runway occupancy time to the point where it will 
limit the headway between aircraft, and hence the capacity. Ideally, 
one would wish to bring aircraft onto a runway at a speed for which the 
headway is exactly equal to the time required for runway occupancy that 
corresponds with that speed, Ai y higher approach speed will. reduce run- 
way capacity, while reductions in runway occupancy time below that value 


will not result In any increase in capacity. 

Arrivals Only. To illustrate this situation. Figure 2.5 is dravm 
to show the relationship between approach speed and headway for a runway 
used only by arrival aircraft. Three curves are shown corresponding to 
approach spacing of 3t 2.5 f and 2 nautical miles. On the same graph is 
shown a function referred to as RS which represents a hypothetical rela- 
tion between runway occupancy time and approach speed (derived from a 
simulation of landing operations for which the deceleration profiles and 
the exit locations are held fixed). Figure 2.5 illustrates that for 
each approach spacing, there is only one approach speed for which the 
headway equals the runway occupancy time. Flying aircraft at a lower 
speed will create headways that are longer than the runway occupancy 
time and hence reduce the efficiency of the utilization of the runway; 
and flying aircraft at a faster speed will result in headways that are 
shorter than the required runway occupancy time, and hence will violate 
the safety procedures for runway operations. 

For the RS curve used in Figure 2.5 these points of equality of 
headway and runway occupancy time are as shown in Table 2.4. 

The gains in capacity that can be achieved from reducing aircraft 
spacing nay not be as large as usually predicted, since reduced spacing 
will be consistent with lower approach speeds according to Figure 2.5 
and the results shown in Table 2 . 4 . To reduce spacing without reducing 
speed will result in runway occupancy tine becoming a constraint and a 
limit to capacity. 


Note that these examples are all based on averar * values. In real 
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Ttble 2.4 


ftunway Capacity with Varying Approach Speeds 
Landings Only 

(na) 

Approach 

Speed 

(knots) 

Runwa> Occupancy Time 
or Headway 
(sec) 

Hourly 
Capacity 
(a/c per hour) 

3 

157 

68.7 

52 

2*5 

143 

62,9 

57 

2 

123 

56.2 

64 




Table 2.5 


Effect 

of Changing Approach Separation on 
Mixed Operations 

Runway Capacity 

Separation 

(nm) 

Speed 
\ (knots) 

Headway Between 
Landings 
(sec) 

Hourly Capacity 
Mixed Operations 
(a/c per hour) 


3 

no 

98 

3-5 

122 

103 


132 

108 


143 

113 

5 

153 

118 


73 

69 

66 

63 

61 



Note that these examples are all based on averaije values. In real 
life situations certain buffers may be added into the runway occuoancy 
times and the headways in order to absorb the adverse random effects. 

Figure 2.5 and the results shown in Table also suggest that a 
spacing of 3 nautical miles between landing aircraft is not optimal from 
any point of view. The headways generated by this separation are nor- 
mally too large with the speeds commonly used on final approach. They 
are too large in the sense that they exceed runway occupancy times. 
Normally one observes aporoach speeds in the vicinity of 120-130 knots, 
for which the headways with a 3 nautical mile spacing are 33-90 seconds. 
Runway occupancy times rarely reach these values, and the result is that 
the runway is not’ utilized efficiently. The equality of runway occu- 
pancy time and time headway occurs in this case at an aooroach speed of 
157 knots; a speed which might be considered too high. 

In cases of tailwind landing, such high ground speeds over the 
threshold may not be unrealistic. If the technical feasibility of high 
speeds over the threshold could be demonstrated, there may be a case for 
increasing capacity (landings only) by using the runway in the tailwind 
direction. 

Mixed Operations, 

A runway can be used either for landings, bake-offs or a mixture of 
both. The decision usually depends on the mix of the traffic, and on 
the environmental conditions prevailing at the airport at the time. 
From the capacity point of view, it is fairly well known that it is 
better to alternate take-offs and landings provided there is always 



sufficient traffic of both types. The capacity of a runway operated 
with different mixes of landings and take-offs will depend on the per- 
centage of the time operations are alternated, and the percentage of the 
time the runway la used for landings only and for take-offs only. 
Without loss of generality, we can concern ourselves here with the case 
of alternating landings and take-offs. 

In this case, the headway between two arriving aircraft should be 
matched with the sum of the landing runway occupancy time of the first 
aircraft, and the take-off runway occupancy time of the aircraft that Is 
Interleaved between them. Assuming for the moment that the take-off 
runway occupancy time Is fixed ..t 50 se..onds, the graphs shown in Figure 
2.5 can be extended to show the matching points of speed and headway for 
the mixed operations case. This can ^e done by shifting each of these 
curves to the left by an amount equal to 50 seconds (or any amount 
assumed for the take-off runway occupancy time). As we see in Figure 
2-6, some spaclngs become Infeasible for mixed operations as they, 
require very low approach speeds, or very low arrival runway occupancy 
time. For example, the curve for 2 nautical mile spacing is no longer 
within the range chosen for the figure and the curve for 2.5 nautical 
miles is also essentially eliminated. On the other hand, one can begin 
to look at spaclngs between 3 and 5 nautical miles for mixed operations. 

As with the case of landings only, the approach speed appropriate 
for matching headways with runway occupancy time Increases as the 
separation between landing aircraft Increases. Note that the headway 
between landing aircraft should equal the sun of the runway occupancy 
tines of one. landing and one take-off. With a fixed departure runway 









occupancy time (50 seconds in this example) increasing the approach 
speed will increase the runway occupancy time. The same trade-off 
occurs in this case, namely between a higher approach speed for 
increased capacity, and a limited approach speed for limited runway 
occupancy time. The capacity increase that can result from reduced 
spacing is not as large as on^ might expect. For example, even if it 
were technically and operationally feasible, reducing spacing by 50X 
from 5 nautical miles to 2.5 nautical miles does not double capacity but 
will only increase the capacity by MOJ from 6l to 86 operations per 
hour. The results for different spacing are illustrated in Table 2.5. 

These results are also shown together with those for landings only 
in Figure 2-7. Note that with the same spacing between landing air- 
craft, mixing operations does not yield a doubling of capacity. Optim- 
ising the utilisation of the runway by exactly matching headways and 
runway occupancy times, suggests a significantly higher aporoach soeed 
for landings only than for mixed operations. Consequently, the capacity 
obtained with landings only is significantly more than half that of 
mixed operations. The overlap between these two cases depends on the 
range of possible approach speeds, and is actually quite limited. As 
suggested by Figure 2.7, the strategies of mixed operations and landings 
only overlap with the same spacing at approach speeds that are either 
potentially too high (for the landings only case) or potentially boo low 
(for the mixed operations case). The extent to which one can move 
toward optimizing the operations of a runway, and toward reducing the 
effect of landing runway occupancy time, depends heavily on the range of 
possible approach speeds, and on the ability bo vary those speeds as 


conditions change. 
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ImpltGationa and some oogalble innovationa 


The previ'iua diacusaion deala with the reduction of runway occu- 
pancy tlmea indirectly. The moat important implication ia th^c it may 
not be aufflcient» nor useful, to look at landin? runway occupancy times 
in isolation. The operation of a runway r.hould be considered together 
with that of the final approach path, and in principle also with the 
operation of the taxiway system and the rest of the airfield. Tne dis- 
cussion here is limited to the interaction between the final approach 
and the runway. 

The potential gains from reductions in runway occupancy time will 
result in a gain in runway capacity provided that they are made in con- 
junction with corresponding adjustments to approach speed or spacing. 
The previous discussion suggests that there may be considerable flexi- 
bility in approach speed and spacing to achieve desired headways between 
aircraft. Serious consideration should be given to the concept of time 
separation between aircraft as a means of assuring safety. 

If procedural changes are to be implemented to match headway and 
runway occupancy times, then a number of innovations suggest themselves. 
Some of those innovations are needed to implement the necessary pro- 
cedural changes. Others will deal with Influencing the relationship 
between runway occupancy time itself and approach speed. The second 
class of Innovations is very important- because some of the potential 
gains from reduced spacing between aircraft may be lost because, with 
smaller spacing, lower speeds are necessary to match headways with run- 
way occupancy times. If it is possible to achieve reduced runway occu- 
pancy times then it may be oossible to reduce spacing without reducing 


speed, thereby- reducing the tlae headway between aircraft and increasing 
capacity. 

FR ^IOUS STUDIES ON RUNUAY OCa^AKCY 

The subject of runway occupancy, particularly of landing aircraft, 
has received considerable attention in the literature over the past 
twenty five years. Much of the research in runway occupancy has been 
directed to the related questions of runway exit design and optimal exit 
location. 

In a series of studies in the late fifties and culminating in i960, 
researchers at the Institute of Transportation and Traffic Engineering 
of the University of California under Robert Horonjeff evaluated high- 
speed exit taxiway designs and aeveloped a mathematical model for locat- 
ing runway exits. 

Experiments were conducted in a Joint project with the Flight 
Engineering Division of United Air Lines at San Francisco International 
Airport in which DC-6B aircraft were taxied at speed through angled 
exits of various configurations and the wheel trades and speeds recorded 
[Horonjeff ei, 1957 ]. It was concluded from these tests that 30 
degree angled exits were preferable to contlnuouily curved exits, and 
criteria were established for the radii of the curves leading in to the 
exit. It was also found that a tapered exit is desirable. Such exits 
were found to -be capable of handling aircraft at speeds up to, 60 mph, if 

properly designed. 

Later tests were conducted at McClellan Air Force Base and Wright 
Air Davelop*cent Center for the Airways Modernization Board, using U.S^ 


Air Force and U.S. Navy aircraft, including Jet fighters and bombers, 
and aircraft representative of a wide range of civil transports. The 
tests included runs to determine minimum permissible turning radii dur- 
ing runway exit, evaluation of exit taxivay configurations, methods of 
providing visual guidance to pilots using an exit by day and night, and 
aircraft stooping distance [Horonjeff fit al: 1958 ]• These tests were 
more comprehensive than the earlier tests at San Francisco, and orovided 
considerable information on aircraft deceleration rates and permissible 
radii of curvature for different aircraft types. The earlier findings 
on the design of high speed exits were confirmed, with a tapered 
entrance and 30 degree angle being preferred, although angles between 30 
and ^5 degrees were found to be satisfactory. Suitable configurations 
were developed for 60 mph exit speeds. Satisfactory daytime guidance 
was obtained with a 1 ft. yellow reflectorlzed centerline stripe. The 
use of centerline lights at night was found to be desirable, although no 
difficulties were encountered using only rdge lights* A prototype 
centerline light fitting '^s developed for the tests. Based on the 
landing tests, exit locations were recommended foj varying number of 
exits. Runway occupancy times for deceleration to ^*0 mph for the vari- 
ous aircraft used in the tests were found to range between 23 and 55 
seconds, with about a 20% reduction in occupancy time for deceleration 
to 60 mph. 

Based on the empirical findings of the foregoing tests, a mathemat- 
ical model was- developed to identify the optimam runway exit locations 
from the standpoint of minimizing runway occupancy, for any given number 
of exits and permissible exit speeds [Horonjeff £L ai* 1959]* The model 
was used to determine optimum exit locations for one, two and three 


exits with three different aircraft olxes cooprlsed of varying propor- 
tions of large turbo- Jet transports • large and medium prop-driven tran- 
sports, and small general aviation aircraft, of the types used In the 
earlier tests. The mixes were chosen to be representative of those at 
different sizes of airport. It was found that the locations were very 
sensitive to the aircraft mix and exit speed, and ranged from just over 
2,500 ft. from threshold to just under 7,000 ft. for three 60 mph exits. 
The study also examined briefly the concept of a higher-speed runway 
entrance taxiway or "tum-on", but Identified a number of operational 
difficulties and did not pursue the Idea.* A later study refined the 
model to Incorporate the effect of pilots adjusting the aircraft 
deceleration during roll-out to suit the actual exit location and 
analyzed a wider range of aircraft mixes CHoronjeff at zL- I960]- Air- 
craft performance data were based on a wider range of air transport air- 
craft, and incorporated data from observations at New York Interna- 
tional, Washington National, and Stuttgart Airports. The. optimum loca- 
tion for three 60 mph exits was found to lie between 2660 and 5160 ft. 
from the threshold. The location of each exit in the revised model was 
not found to be very sensitive to aircraft mix. It was concluded that 
aircraft types can be grouped in three classes for determining landing 
performance and exit location: large turbo-jet (four-engined) tran- 

sports, two-engine turbo-jet and four engine propeller-driven tran- 
sports, and two-engine propeller-driven transports and larger twin- 
engine general aviation aircraft. The exit locations were found to be 
virtually Independent of the aircraft nit, so long as the airport was 
serving three classes of aircraft. 
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Shortly after the McClellan AFB testa, a series of observations of 
runway occupancy tine and exit use was conducted by the U.S. Civil 
Aeronautics Adalnlstratlon (CAA) at Washington National and Indianapolis 
Municipal Airports [U.S. CAA: August 1958 ]. Runway H-22 at Indianapo- 
lis had three curved exits with centerline radius of 955 ft. Little 
difference was found in the runway occupancy times of aircraft with 
gross landing weights over 20,000 lbs, although aircraft under 20,000 
lbs gross landing weight had generally shorter occuoancy times and used 
exits closer to the runway threshold. It was concluded that the curved 
exits at Indianapolis were located too far from the threshold. In all 

96 landings were observed at Washington National and 224 landings at 
Indianapolis. 

Two Important reports were published in I960, covering studies per- 
formed at Airborne Instruments Laboratory and Cornell Aeronautical 
Uboratory. that established the basis for the analysis of runway caoa- 
city for the next decade; "Airport Runway and Taxiway Design" [AIL; 

1960] and "An Analytical Investigation of Airport Capacity" [Blumstein; 

I960]. 

Interest In runway occupancy time in the literature appears to have 
waned after 1950, perhaps as a result of the reduced growth In aircraft 
aovements and Increased approach separations resulting from the Intro- 
duction first of larger Jet aircraft and later the new wldebody equip- 
ment. 

Renewed interest began developing In the mld-seventles. Jollne 
[1974] developed a mathematical model for determining the optimum loca- 
tions of runway .exits, taking Into account the cost of constructing the 


exits as well as the cost of aircraft delays. Howard, Seedles, Tamnen 
and Bergendoff performed an empirical study at a number of airports, 
measuring the runway performance of landing aircraft with Infrared light 
beams, as discussed In more detail m the following section of this 
report. The results of this study for Runway 26t at Denver Stapletpn 
International Urport were analyzed by Hosang [19751. He. found that 
essentially no aircraft used the first high-speed turnoff, partly as a 
result of the high landing speeds due to the elevation of the airport. 
Approximately one third of all landings used the second high-speed turn- 
off, although the figure was lower for larger aircraft and nearly 50* 
for smaller aircraft. Approximately 50* of all landings used the first 
right-angled exit after the high-speed exits. It was believed that many 
core aircraft could have used the second high-speed but chose the 
right-angled exit because of Its proximity to the terminal. 

During 1972 and 1973 data on airfield operations, Including runway 
occupancy, at a number of airports were collected by Douglas Aircraft 
Company for the FA A. These data were subsequently analyzed by the MITRE 
Corporation [Koenig: 1978], The analysis conclude that runway occupancy 
times are influenced by many factors Including: minimum time and least 
number of turns to reach the gate, company procedures. Incoming traffic 
density, flight crew performance and preference, and passenger comfort 
considerations. The most Important factor appeared to be the proximity 
of the exit to the desired gate. Differences between "motivated" and 
"unmotivated" carriers were found to be as much as 8 seconds. 

A study of the high-speed exits at Dorval and Mirabel Airports In 
Montreal during 1976 and 1977 [Aklnyemi A Braaksma: 1979] showed that 


If -craft were ualn? them at speeds 20 to 40 mph less than the design 
speed of 60 mph. The reasons that were identified Included pilot oer- 
ceptlon of safety, Incompatibility of aircraft to geometry of exit, and 

a different mode of aircraft roll-out than is currently assumed for 
■ design. 

The Douglas Aircraft Company CSchoen at, al: 1979] studied the fac- 
tors affecting runway occupancy times In great detail, Including touch- 
down dispersion, the effect of such aircraft characteristics as maneu- 
verability and turning capability, crew functions and pilot performance, 
and passenger comfort. High-speed exit requirements were Identified and 
a number of candidate exit designs developed, together with detail of a 
research program to enable the designs to be further pursued. 

Some empirical observations of runway occupancy times were made In 
two studies at San Francisco International Airport C Jackson & Moy: 1979] 
and San Jose Municipal Airport [Morse: 1930]. An FAA study of high- 
speed exit taxiways [U.S. FAA: 1981] reviewed existing data on high- 
speed exit use, and developed design criteria and requirements for 
high-speed exits. Data collected in 1971 and 1972 at Malton Airport, 
Toronto were analyzed by Steuart and Gray [198I] to investigate the 
effects of weather on runway operation. They found that runway occu- 
pancy times increase in poor weather, with pilots using lower exit 
speeds and adjusting aircraft deceleration less to attain particular 
exits. The relationship between an aircraft's touchdown location and 
aiming point was found to be more variable In poor weather. It was also 
found that the true airspeed on approach tends to be lower In poor 
weather than in - good, and that controllers attempt to adjust to poor 



weather conditions by increasing the margin of safety for each aircraft 
movement. 

DATA ON AIRCRAFT PERFORMANCE THE RUNWAY SYSTEM 

One objective of the research is the development of an improved 
understanding of the significant factors affecting runway occupancy. 
Development of this understanding depends on the availability of a data 
base that illustrates aircraft performance during approach, landing, and 
roll-out under a variety of different conditions. 

The factors affecting the approach and landing process may be clas- 
sified into five general categories: 

1. Aircraft characteristics 

2- Airport characteristics 

3* Pilot technique 

4^ Air traffic control 

5. Environmental conditions. 

Within each of these categories, there are individual factors that 
influence the approach and landing process. For example, factors in the 
aircraft category Include aircraft type, landing configuration, landing 
weight, and instrumentation. 

Data requirements were defined as follows: 

1. The data should include sufficient detail to allow a detailed des- 
cription of behavior of aircraft during the approach and 


landing process , such as the construction of a time-space diagram 
for each aircraft, for example. 

The data should include elements of the approach and landing path 
from outer marker to exit* 

The data should contain or permit the derivation of the following 
parameters of Interest: 

e Aoproach speed 

e Deceleration rate on approach 

e Speed over threshold 

e Height over threshold 

o Soeed at touchdown 

• Distance from threshold at touchdown 
e Deceleration rate on the runway 

• Speed at exit 

• Runway occupancy time. 

The data should contain information on the variety of factors 
affecting the landing process (namely, aircraft, airport, pilot, 
controller, and environment). Therefore the data should contain, 
to the extent feasible, different aircraft types, airports with 
different equipment and airfield layouts, pilots from different 
airlines, different air traffic control procedures, and various 
weather and visibility conditions (especially VFR and IFR). 
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5. I». data ,»oald b, readily obtainabl. and «,!, to b. reduced to 

maehlne-readable format with limited effort e 

The yarloua atudle, Ideotlfied in the prevloua eeotlon contain 
varloua anounta of data coyerln, the perfonaanoe of aircraft on the run- 
«y and final approach. Huch of the data houever 1, ,ery United in 
eoope, either in teme of what wa, obaerved or in tema of the nunber of 
Obaeryationa. «,Ue helpful in obtaining a general underatandiny of. the 
landlnt proceaa, the United data doea not pemlt a detailed analyaia of 
bhe influence of different factora affecting the landln, proceaa. 

Three data aourcea were identified in the coura. of the atudy aa 
containing rather .Ore ccprehenai.c data, and were eaanined in ace 
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detail: 

• FAA airport capacity study data 

• Transportation Systems Center data 

• NASA head-up display simulator data. 

The FIA data conaiata of obaervatlona at 15 alrporta, collected in 
1572 and 1973 by a proiect tea. leu by the Oou,laa Aircraft Conpany aa 
part cf an FAA airpert capacity atudy. Ih, Iranaportation Syatena 
Center (TSC) data were collected by the TSC in late 1979 and earl, 1980 
at five alrporta under a contract fre the FAA. The »ASA data reaulted 
fro. a aerlea of approached and landlnja conducted on a Boeln, 727 emu- 
lator at NASA Anea Reaearch Center to lnveatl,at, the effecta of a 
he.d-up dlaplay (HOP) puot and aircraft perfomanco. 

In the caae of the TSC data, it waa neoeaaary to perfom a certain 
anount of data reduction, ainc, the data war, obtained in the for, of 


rilsis and audio tapes* The FAA data were obtained in coaputer^readable 
form, while the NASA data were provided in tabular fora and transcribed 
to punched cards. 

Lfideral Aviation Adminlabration capaci ty study data 

These data were assembled by the MITRE Corporation of McLean, Vir- 
ginia from the data originally collected in a Joint effort by the Doug- 
las Aircraft Company, Peat, Marwick, Mitchell and Company (PMM), and 
American Airlines in 1972 and 1973 for an FAA airport capacity study* 
The data Include information on the following: 

• Aircraft velocities on final approach 

e Aircraft seoaration 

• Aircraft runway occupancy time 

• Aircraft taxiing velocities 

• Aircraft push-back times from gates 

• Deceleration characteristics of aircraft on the runway 

• Exit taxivay velocities of aircraft 

« Aircraft gate utilization. 

These data were initially analyzed by the firms that collected it 
(PMM and Douglas Aircraft Company) and were subsequently analyzed by the 
MITRE Corporation [Koenig: 1978]« Their, main conclusions can oe summar- 
ized as follows: 


1. Data does not permit any categorical conclusions to 
be drawn but it provides some insight into the 
effect of aircraft type and exit location and type 
on runway occupancy time. 

2. Runway occupancy time standard deviation for all 
aircraft using a runway is higher than anticipated 
and is higher than for those using a single exit. 

3^ Gate location is the most predominant motivating 
factor. 

U* There is a potential for runway occupancy time 
reduction. 

Different data types were collected by different groups each in a 
different format. For the purpose of this study, only data for the 
landing aircraft on approach and on the runway were analyzed. The 
approach data include the times when an aircraft crossed the outer 
marker, crossed a point 3 NM from threshold, and crossed the threshold 

in addition to aircraft type and flight number. 

\ 

These data are contained in two data sets which were ddllected by 
two grouos, one group observing the aircraft movement on approach from a 
radar screen and the other observing its movement on the runway from the 
control tower. 

These two data types allow the construction of time-space diagrams 
for aircraft on both approach and runway. In -order to construct one 
time-space diagram for a single aircraft that covers both approach and 
landing, it is necessary to find the same flight in both data sets. Of 
the 21 airports that were s*: *veyed in the two phases of the capacity 
study, only 11 of them have bot'- the final approach and runway data set. 
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Of these 11 airports, only 6 airports have matches between formats 1 and 
5. In many cases only data for part of the day was found. In many of 
the matched observations, problems of the following kinds were encoun- 
tered: 

• Missing data points, to the extent that the observa- 
tion is unusable. 

• Discrepancy between the two data sets in aircraft 
type, runway number, and/or flight identification. 

e Different time over threshold in the two data sets for 
the same flight. The difference varies from a few 
seconds to several minutes, and may be as much as an 
hour -in some cases. 

• Preliminary speed calculations showed that in many 
cases the last point recorded is unlikely to be the 
point at which aircraft exited, or there was a mistake 
in the time or the distance, since the exit speed 
exceeded 65 mph. 

9 The lists of the distances of the reference points on 
the runway from the threshold did not agree with the 
runway layout for all the reference points. 

Considering the above factors, the number of usable observations 
was reduced to ^3, as indicated on Table 2.6. A sample of the usable 
observations for runway 28L at San Francisco Airport were used to plot 
time-space diagrams, as illustrated by Figures 2.8 - 2.10. 









Table 2,6 


Aircraft Profile Data froo FAA Airport Capacity Study 
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FIG. 2.9 Typical Aircraft Profile — Capacity 
Sfudy Data. San Francisco Runway 28L — B-707. 
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These data can also be utilized in other ways than plotting the 
time-space diagram for the matched flights. The two data sets can be 
used independently to study aircraft characteristics on final approach 
or on the runway, such as average approach speed and average decelera- 
tion rate, for similar aircraft type, airline or runway. 


Transportation Systems Center data 


These data were collected in 1979 and 1980 by Input-Output Computer 
Services, Inc, (IOCS) of Waltham, Massachusetts for the Air/Marine Sys- 
tems division of the US Department of Transportation's Transportation 
Systems Center, Cambridge, Massachusetts under a contract with the FAA, 

The data were collected at the following five airports; 
e New York John F, Kennedy International (JFK) 
o San Francisco International (SFO) 
o Chicago O'Hare International (ORD) 

• William B, Hartsfield Atlanta International (ATL) 

• Boston Logan Airport (BOS), 

Three types of field data were collected at each of the five air- 
ports, 

1. A movie camera was used to take 16 ran time-lapse photographs of the 
Airfield Surface Detection Equipment (ASDE) radar presentation as 
it appeared on the ASDE display unit, A digital clock (displaying 
hours, minutes and seconds) was included in the field of view of 
the time-lapse camera. The ASDE radar screen was filmed at a rate 
of one frame every three to four seconds. Each frame was exposed 
for one second, which corresponds to the time of a complete sweep 
by the radar. 


2. Tape recordings of the local control communications were made using' 

a voice-actuated longplay tape recorder. The tape recordings were 

made by connecting the tape recorder to a high quality aviation 

radio. A talking clock was connected to the tape recorder so that 

the exact time was included periodically throughout the taping of 

the local control communications. At the start of each data gath- 
# 

ering effeort, the talking clock was synchronized with the digital 
clock used to film the ASDE display. This action facilitated the 
reduction of the local control tapes in conjunction with the ASDE 
films. 

3. Tape recordings of the Automatic Terminal Information Service com- 
munications- were made using an ordinary cassette tape recorder. 
The ATIS messages were recorded at least every hour, and if the 
ATIS message changed more frequently, such as during adverse 
weather conditions, they were recorded at each change. The infor- 
mation contained in the ATIS tapes has been transcribed by IOCS and 
the results tabulated. 

In addition to the field data, an Airline Information Retrieval 
System (AIRS) printout was obtained for each day on which data were col- 
lected, whenever possible. AIRS printouts for several days on which 
data were collected were not obtained. The AIRS printouts contain a 
list of scheduled arrivals and departures at the surveyed airports, 
scheduled arrival and departure times, and aircraft types. 

Data for each of the five airports were accompanied by a memorandum 
published by IOCS describing the contents of the data package and its 
quality, and the results of the local controller survey. For Boston, 


the report was of a broader scope and dlseussed the effect of different 
weather conditions on runway occupancy. 

Each data package consisted of the following: 

1- Films of the ASDE radar presentation 

2. Tape recordings of the local control comounications 

3« Logs of the ATIS messages 

4. Printouts from the Airline Information Petrleval 
System covering the days on which data was collected 

5. A summary of an interview conducted with a person 
familiar with the local control position 

6. A scale map of the airport facility. 

In order to examine the amount and accuracy of information obtain- 
able from these data, a small sample of data for Atlanta Airport was 
selected for data reduction. A sample of 20 aircraft using each of the 
two arrival runways in Atlanta, 26 and 27L, was reduced from the ASDE 
film by projecting the film on a large screen and using a specially 
prepared scale to measure the distance as the aircraft moves from one 
frame to the next. The flight numbers corresponding to the observed 
sample then were identified by listening to tac,=; recordings of the local 
control communications. Matching the digital clock on the ASDE film and 
the talking clock in the recordings facilitated flight identification. 
The aircraft type was found either from the AIRS printouts or from the 
Official Airline Guide (OAG). 

The runway occupancy time was calculated from the elapsed time 
between the moment the aircraft crossed the threshold bo the time when 



its tall cleared the runway on exit 


During data reduction, dSfriculties were encountered in keeping 
track of the aircraft blip, in the size and shape of the blip varying, 
in reading the digital clock due to superposition of consecutive images, 
and in identifying the threshold time. The scale used allowed distance 
measurements to the nearest 10 feet. 

The level of accuracy of the data reduction was found to be accept- 
able. The error in distance measurements was estimated at ± 25 feet, 
and the error in time measurement was estimated at ±.0-7 second. 

The reduced data permitted the construction of time-space diagrsmis, 
as illiistrated by Figures 2-11 - 2-13i which in turn by means of polyno- 
mial fitting allowed speed and deceleration rate estimation at various 
points of interest. The data also allowed other other parameters to be 
obtained including runway occupancy time, flight number, aircraft type, 
and exit used. 

HASA.head-UD display simulator, data 

The NASA data were generated as part of a Joint NASA/FAA project at 
Ames Research Center and consist of a set of 108 approach simulation 
runs by 9 airline pilots over 12 wind and ceiling/vislbllity conditions. 
The runs comprise a control set of conventional "head-down” approaches 
performed as. part of a test of "head-up" cockpit displays. 

All approach runs were conducted on a motion-based simulator to an 
8000-foot runway with Category II lighting. Current 727-200 licensed 
captains from 9- different airlines were used. Each pilot conducted 12 
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simulated approaches under various combinations of wind, celling and 
visibility conditions listed in Table 2.7. Wlndspeed refers to speed 
at threshold, with higher speeds occurring at higher altitudes; tur- 
bulence varies and includes gusts and wind shear in three directions. 
Precision approaches were conducted with localizer and glide slope; 
nonpreoislon approaches were conducted with localizer only. In addi- 
tion, other random variations were included, such as wlndshear, scud 
(fog bank near threshold), or runway Incursion. Three different "con- 

trollers” were used. 

Data collected, for each run included digital and analog readouts on 
aircraft performance, videotapes of pilot activity, and debriefings. 

Due to the large Mount of data generated by the simulation runs, 
NA3A/FAA agreed to abstract the following data from the output of the 
simulation runs and provide it on forms developed as part of this 
research project: 

• NASA run number 

• Condition number 

• Subject number 

• Air Traffic Controller (ATC) number 

« Location (outer marker, middle marker, inner marker, 
threshold, left gear down, right gear down, nose gear 

down) 

• Altitude (ft) 


• Time (sec) 
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Table 2.7 

Weather Conditions for Simulated Approaches in NASA Study 


WIND CONDITIONS 


Type 

Speed 

(knots) 

Direction 

(de?) 

Turbulence 
(RMS ft/aec) 

1 Headwind 

10 

20 

1 

2 1/4 Tailwind 

15 

135 

2 

3 Crosswind 

20 

80 

3 

■ CEILING AND VISIBILITY CONDITIONS 


Approach 


Ceiling 

Visibility 



(ft) 

(mi) 

1 Precision 


250 

0.5 

2 Precision 


400 

1 

3 Non-precision 


500 

1.5 

4 Non-precision 


800 

2 


CONDITION NUMBER 

LABELING 


Ceiling/Visibility 


Wind 



Head 

Tail 

Cross 

300 ft / 2 mi 

7 

8 

9 

500 ft / 1,5 mi 

10 

11 

12 

1100 ft / 1 mi 

1 

2 

3 

250 ft / 0.5 mi 

4 

5 

6 



• Distance from threshold (ft) 

# Distance from centerline (ft) 

• Airspeed (knots) 

e Descent rate (ft/sec) 

# Thrust (t of maximum operational). 

This was done for each of the 108 runs. 

Upon receipt of the data, It was converted into computer-readable 
form. Time was converted so as to be referenced from threshold. A 
second set of data was created by deflnln? nine "Intervals" from the 
seven locations: the six Intervals between the locations (outer marker 
to middle marker, middle marker to Inner marker, etc.) plus a ore- 
threshold interval (outer marker-threshold) , a post-threshold Interval 
(threshold-nose gear down), and an entire run Interval (outer marker- 
nose gear down). For each run, the longitudinal distance between points 
defined by the intervals, the time to traverse the Interval, and the 
change in altitude over each Interval was calculated. From these, the 
"Inoerval average"' groundspeed and descent rate were calculated. 

The following analysis of both the "location" and "interval" data 
sets was performed using standard statistical analysis software: 

1. individual subject means: For each of the subjects, 

the mean over all conditions of each variable at 
each looatlon/interval. 

2- Individual condition means: For each of the oondi- 

, ■■tions, the mean over all subjects cf each variable 
for each Location or interval. 


3. "Grand" means: The mean over all subjects and all 

conditions of each variable at each location or 
interval. 

The analysis performed In this study represents only a little of 
what can be done with the NASA data, and Is based on each aircraft's 
altitude, time, position, velocity, descent rate, and thrust at seven 
locations. The data were used in the following way: 

An analysts of both the Interval and location data 
gave means and standard deviations of the variables 
(altitude, time, etc.) for the entire population and 
for sub-populations (specific conditions or sub- 
jects). 

2- Using some of these results, time-space, velocity- 
space, and deceleration-space diagrams were drawn. 

3* Tables of the variation in aircraft parameters over 
the 9 pilots landing under each condition and ' for 
each pilot landing under the 12 conditions were 
prepared. These number show the fluctuation that 
can occur for individual landings. 

4. Histograms of the variables presented in the tables 
in (3) were prepared. For each variable, the runs 
were divided into two or more subpopulations accord- 
ing to a type of condition (e.g. precision vs. non- 
precision approaches, headwinds, tailwinds, or 
crosswinds) . 

Other data 


Among the data collection activities performed as part of tne vari- 
ous studies described in the previous section, one particular source of 
data deserves further comment, both for the .qualitv of the data and for 


the teonnique used to oolleet it 


The study in question was perfomed by Howard, Heedles, Tataoen and 
Sergendcff (KNTB) for the US Army Ensinoering Waterways Ewperlocnt Sta- 
tion, and investigated air-carrier aircraft operations during April and 
Hay, 1974, on runways it Uartsfield Atlanta (ATL.), Chicago O'Hare (ORD), 
and Denver Stapleton (DEH) International Airports. 

The objectives of the study ware to analyze the Banner and extent 

of high-speed exit use, and to present in tabular and graphical form 

0 

Inforoatlon dcscpibtns: 

Aircraft touchdown locations and exit utilization. 

2* Aircraft speeds at various points along the runway 
and at the point of runway turnoff. 

3* Runway occupancy tioe for aircraft usin^ each exit. 

The infornation is presented by aircraft type and oodel for the 
operational conditions encountered and, to the extent that the data were 
sufficient to make segregation meaningful y according to whether day or 
night, pavement condition (wet or dry), and relative naguitudes of 
headwinds. 

Data were obtained from measurements using arrays of infrared light 
beams placed at particular locations along each runway. The arrays con- 
sisted of one or three light beams, referred to as "I" and *'N"-type 
arrays, respectively, from the geometric layout of the beams in each 
array type. The light transmitter and receiver units were oriented so 
that the light beams were projected across the runways at approximately 
aircraft wheel-level height and, except for the diagonal beam in "N**- 


type arrays, at 90 desrees to the runway centerline. Passage of an air- 
craft through an array caused interruptions of the beaas. 

The "N"-type arrays determined aircraft lateral position and speed 
at the array locations along the runways. The "I«-type arrays, in con- 
junction with the parallel legs of "N"-bype arrays, determined the 
intervals along the runway within which aircraft touchdowns and turnoffs 
occurred, from the first and last beans Interrupted. 

For each recorded landing, the aircraft speed at each "N**-type 
array crossed, the aircraft Identity, and the Identity of the first and 
last interrupted beams were stored in the data base. Also stored for 
each recorded landing was information describing the weather and runway 
conditions, including celling height, visibility, precipitation type (if 
any), barometric pressure, temperature, wind speed and direction, pave- 
ment condition (wet or dry), and runway lighting (day or night, runway 
lights on or off). 

Aircraft speeds were accurate to within one foot per second, or 
better. The points of touchdown were deemed to bo at the midpoints of 
the runway intervals (defined by the transverse light beams) in which 
the touchdowns occurred, and wv^re therefore accurate to within one-half 
the length of the runway Internals. 

A detailed description of the data-eoHection system and its opera- 
tion 1s provided in FAA Report Ko. RD-7«-36, "Field Survey and Analysis 
of Alrci 't Distribution on Airport Pavements" [HNTB: 1975], 



FACTORS INFLUENCING RUNWAY OCCUPANCY TIMES 


Thcro ttro ft Xftrgft nunbftr of fftobofs bhsb influonco bho runwsy ocou* 
p»noy time of a landing ftireraft. One can identify these factors from a 
consideration of the landing process of a particular aircraft on a given, 
runway. The time required for an aircraft to reach an exit at a speed 
appropriate for that exit (for the prevailing environmental conditions) 
depends on the location and design of the exit the approach speed of the 
aircraft, and the deceleration rate applied by the pilot upon landing. 
These factors depend in turn on the type and configuration of the air- 
craft, on the prevailing environmental conditions (visibility, wind and 
runway surface condition), and on the combination of reverse thrust and 
braking which a particular pilot applies the deceleration necessary to 
reach exit speed. The relation between aircraft performance and the 
prevailing environmental conditions also depends on the nature of the 
navigation and landing aids available at the airport in question, and is 
likely to vary depending on pilot behavior, and familiarity with the 
airport. The occupancy, time of the landing aircraft will of course 
depend on the choice of exit. From the exits that are feasible for a 
given operation, a pilot is likely to select the one that puts the air- 
craft on a taxiway closest to the terminal whe/e the aircraft is des- 
tined. This can affect runway occupancy significantly. 

In order to organize the process of identifying which of these fac- 
tors will have the predominant effect on runway occupancy time, they are 
grouped into five categories related to the following: 


1. Airport design and equipment characteristics 
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2, Performance characteristics of the aircraft 

3. Airline procedures and pilot behavior 

Prevailing ambient weather and visibility conditions 
5. Navigation and landing aids and procedures. 

The data available were reviewed in an attempt to single out the 
most significant factors in each of these categories. 

It is not possible to identify a single most significant factor of 
all those influencing runway occupancy time, nor is it necessary to do 
so. The many factors at play interact in a rather complex way. and it 
is partly due to this interaction that statistically significant infer- 
ences regarding the quantifiable effects on runway occupancy time cannot 
easily be obtained. 

Ai rport Design and Equ i p ment Character Istioi. with respect to the 
first category of factors, it is clear that the location of exits has a 
significant Impact on runway occupancy time. This Impact is more sig- 
nificant than the specific design characteristics of each exit in 
influencing which exit is used. 

Some of the data analyzed illustrate this effect rather clearly. 
Of a sample of landings on Runway 27L at Atlanta International Airport, 
the aircraft using the first exit showed a mean runway occupancy time of 
»(« seconds with a standard deviation of H seconds; those using the 

second exit had corresponding vaU-;s of 56 seconds and 5 seconds respec- 
tlvely. 



The design of an exit also affects runway oeeupanoy time by 
influencing the tlae for the exit maneuver. In turning onto an exit, an 
aircraft has to undertak'i a maneuver that takes anywhere between 5 to 25 
seconds. It has been observed, and was noted in the data analyzed, that 
heavy widebody aircraft will take the longest times for this maneuver, 
particularly when turning onto right- angled exits. Some airlines have 
policies that require pilots to slow down to low speeds (e.g. 10 knots) 
before executing such turns. The combination of exit location and 
design can therefore be a significant determinant of runway occupancy 
time. 

Performance Characteristics of the Aircraft, From the second 
category of factors, the size of the aircraft is perhaps the most alg- 
nifioant. Smaller aircraft have typically shorter occupancy times. 
They appear to land closer to the threshold, and to decelerate faster to 
exit speeds. Other than the distinction between widebody and narrow 
body aircraft, the data examined do not show any further differences 
between specific aircraft types. In-depth analysis of these and other 
data might disclose further differences. 

Airline and Pilot Behavior and Practices. The third category of 
factors has Influences that can only be inferred Indirectly from the 
data. Similar aircraft from different airlines have been observed to 
select different exits presumably due to the proximity of the taxiways 
to their respective terminals and this has affected occupancy times. 
Furthermore, variations in the landing- performance of different pilots 
suggest that the many parameters of the landing process that are at the 
discretion of the pilot result in different occupancy times under 
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^ siuilar conditions. Airline and pilot notivation are therefore seen as 

ioportant factors. 

Prevailing Ambient Weather and Visibility Conditions. Weather con- 
^ dltions are Important factors influencing occupancy time. The condi- 

tions of the runway surface (e.g. dry, wet) influence the emount of 
deceleration that aircraft are capable of achieving or the pilots are 
willing to apply. Furthermore, in wet runway .conditions, exit speeds 

i 

are lowered and exit maneuvers take a longer time. Other parameters of 
the landing process, such as height over the threshold and the location 
• of touchdown point do vary with weather conditions, but the amount is 

not easily discernible from the available data. . . . 

navigation and Landing Aids and Procedures. The presence of land- 
ing and navigation aids appears to influence occupancy, time indirectly. 
Precision approaches appear to result in smaller variations in some 
parameters of the landing process such as height over the threshold and 
touchdown point. They also appear to result in lower mean occupancy 
times as a consequence of the lower heights and earlier touchdown 
points. Good lighting and marking are bound to have an effect on the 
landing process although such effect could not be quantified from the 
available data. 


3. POTEHTIAL INHOVATIONS TO REDUCE RUNWAY OCCUPANCY 


As the interaction of the various factors influencing runway occu* 
pancy tine has becooe better understood, strategies for reducing runway 
occupancy times have been developed. These strategies utilize one or 
more specific measures or Innovations (the term innovation includes both 
measures not previously considered as well as significant improvements 
or changes to existing technology or procedures). The approach adopted 
in this study has been to identify as wide a range of potential innova- 
tions as possible, then to subject these innovations to an evaluation 
process that leads to the selection of a relatively small number of 
promising measures • for more detailed analysis. This chapter describes 
the Identification process and the range of potential Innovations Iden- 
tified, the development of the evaluation criteria, and the results of a 
preliminary evaluation of the Innovations to Identify those deserving 
closer examination. This approach considers the use of the runway from 
the perspective of a single Innovation In each case. However In any 
complex system, one particular change Is likely to affect the conse- 
quences of any other. Thus It Is necessary to recognize that many of 
the Individual Innovations Identified will interact with other innova- 
tions. 

IDENTIFICATION QF POTENTIAL INNOVATIONS 

By Its very nature, the process of developing a list of Innovative 
measures to Influence runway occupancy time cannot be reduced to a sim- 
ple set of rules. Some Ideas have already appeared In the literature In 
one form or another. Others follow from a consideration of the factors 
Involved. 


The arrival and departure processes Involve a nuobor of different 
components, from the aircraft itself and its Interaction with the air- 
port faoilltles, to the actions of the pilot and the air traffic control 
system rules and prooedures. These components provide a structure for 
considering individual innovations, which generally fall into one of the 
four categories: 

• Aircraft 

• Airport 

• Pilot 

• Air traffic control/Federal aviation regulations 
(ATC/FAR). 

As with any olaasiftcatlon system, not all tople/i fit neatly Into one of 
the above categories and some innovations may appear to fit more than 
one. The actual classification is therefore somewhat arbitrary. In 
addition, certain innovations presume the existence of other measures or 
suggest other complementary innovations. 

In all, fifty eight individual innovations were identified. These 
are listed on Tables 3.1 -3.3. 

Aircraft Innovatlrm^ 

Potential innovations in aircraft technology consist of measures to 
improve the aircraft performance on the runway, or improvements in land- 
ing aids and instrumentation in order to improve the pilot’s control 
over the aircraft path and reduce variation in performance. 

Measures to increase the deceleration capability on the runway 
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Table 3.1 

Aircraft Innovations 


Increase deceleration capability 

a. reverse thrust 

b. Improved braking 

0 . Increased drag 

d. arresting devices 
Increase exit turn capability 

a. Improved steering and gear 

b. Improved tires 
Decrease threshold speed 

a. Increased lift coefficient 

b. lower stall speed meurgln 

c. powered lift 

d. variable geometry 
Improve landing aids 

a. head-up display 

b. autoland 

C. HAVSTAR/INS 

d. Improved pilot view 

o. runway guidance 
Improve instrumentation 

a. ground speed . 

b. CDTI 

c. ambient condition a -play 
Improve go-around perform?.ice 
Reduce aircraft weight 


Table 3.2 

Airport Innovations 
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Locate exits to oinlmlze occupancy 
Location of runways, taxlways and terolnals 
Location of circulation taxlways 
Optimize width of airfield elements 
a* runways 

b. exits and fillets 

c. taxiway turns 

Match exit radii to aircraft performance 
Improve exit marking a.id lighting 
Improve landing aids 

a. VASI/approach lights 

b. 1L3/MLS 

c. pavement marking 
Improve runway surface friction 

Improve runway entrance location and design 
Aaditional runways 

3* closs parallel/short parallel 

b. V-runways 

c. variable width/double width 
Install arrester devices 
Aircraft guidance wire In pavement 
Improve runway safety areas 
Deceleration gradients 

a. runways 

b. exits 


I 


Table 3.3 


Pilot and ATC/FAR Innovations 

Fluor IHNOVATWtlS 

!• Standardize landing and roll-out procedures 

2. Pilot motivation 

3. Remove airline restrictions 

4. Improve pilot Information 

a. exit location 
b* environmental conditions 


ATC/FAR INNOVATIONS 

1. Permit multiple occupancy 

a. left-right/short-long 
b* arrlvals-departures 

2. Enforce exit selection 

3. Lower threshold height 

4* Designate taxiway to local control 

5. Sequence a*j.rcraft by occupancy characteristics 

6. Improve controller information 

a« aircraft speed and acceleration 

b. aircraft characteristics 

c. pilot intentions 

7. Automate departure and go-around decisions 

3, Establish approach tolerance limits 

9. Modify final approach path 


include increasing the reverse thrust available, improving the braking 
capability, increasing the aerodynamic drag after touchdown, and the use 
of mechanical arresting devices. While increasing the deceleration on 
the runway will clearly reduce the time needed to reach exit soeed, a 
further reduction can be achieved by using reve:-se thrust or . aerodynamic 
drag to increase the deceleration while airborne between the threshold 
and touchdown, : leading to an earlier touchdown at a lower speed. 
Increasing the power available for reverse thrust could also lead to 

rec’uced departure runway occupancy If this Increased thrust is also 
available for acceleration. 

Runway occupancy can also be reduced if aircraft can exit at a 
higher speed. Improvements in steering, landing gear and tires would 

enable pilots to, exit at a higher speed or to take sharper radius 
curves. 

A decrease In threshold speed will generally result in reduced run- 
way occupancy due to the lower amount of deceleration required. This 
can be achieved by Increasing the lift coefficient In approach confi- 
guration, reducing the margin between stall speed and approach speed, or 
utilizing sueh measures as powered lift or variable geometry. 

Improvements in landing aids that would help maintain the precision 
of the approach and provide additional guidance to that currently avail- 
able include cockpit head-up display, automated lendings, new naviga- 
tional equipment based on satellite navigation or Inertial navigation 
systems (INS), Improvement of pilot view from the ccnkplt, and aircraft 
guidance on the runway. 


Additional instrumentation includes a ground speed indicator, cock- 
pit display of traffic, and an ambient condition display. These lns*-ru- 
ments would assist pilots in selecting the most efficient approach speed 
and permit closer airborne spacing. 

Improved go-around performance would effectively reduce runway 
occupancy by permitting a trailing aircraft to continue its approach 
longe- when the lead aircraft is slow to clear the runway.' A reduction 
in aircraft weight would improve acceleration and deceleration and 
reduce touchdown speeds. 

Airport i nnovations ' 

Airport innovations consist of measures to improve the design of 
alrfiald elements, changes in airfield confir,uration, measures to pro- 
vide pilots with improved visual reference and aircraft guidance, and 
measures to enhance aircraft deceleration. 

Design changes for airfield elements include the location of exit 
taxiway? to minimize runway occupancy in the light of the expected fleet 
mix and performance characteristics; changing the width of runways, 
exits, fillets and taxiway turns to encourage higher speeds and earlier 
exits; matching exit radius to expected aircraft performance; improving 
runway entrance location and design to permit more rapid initial 
acceleration on takeoff; improving the design of runway -afety arcjs to 
encourage pilots to make more use of potential aircraft performance en 
the runway; anci the use of deceleration gradients on runways and exit 


taxiways . 



Chanses in airfield eonfisuration that uould tend to reduce runway 
occupancy include the location of runways, taxiways and torolnals so 
that the optimum exits from the standpoint of runway occupancy give the 
slioi'test taxi time to the sates. Circulation taxiways should be located 
so that they do not Infrinse on exit runout distances. At some airports 
it may prove possible to provide additional runways within the available 
site constraints by using cloiely spaced or short, special-purpose 
parallel runways, or V-conflguratlon runways with single or dual 
approach streams; Hore innovative approaches include variable width 
runways to permit aircraft to pass on the runway if necessary or very 
wide runways permitting alternating left-side, right-side operations. 

Improved landing aids such as Visual Approach Slope Indicators 
(VASIl, approach lighting, instrument and microwave landing systems 
(ILS/ML3), and pavement markings can provide Improved pilot guidance in 
order to reduce variation in aircraft performance and ensure more con- 
sistent use of exits. Electronic guidance on the runway during poor 
visibility, or to identify exits, can be provided by means of a guidance 
wire system In the pavement. 

Deceleration performance can be enhanced by Improvements in runway 
surface friction or the Installation of mechanical arresting devices. 
While the latter may not be feasible for routine operations, they nay 
present : viable safety measure to permit tighter op 'atlng tolerances 
or other innovations. 

Pilot innovations 

Pilot innovations consist of measures to reduce variation in pilot 
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f technique and increase incentives for pilots to achieve lower runway 

occ>iprncies. 

.itandardization of landing and roll«>out procedures will reduce 
varii-tion between different airline practices an<^ individual pilot tech- 
niqv:e. Where individual airline operating restrictions limit pilots' 
utilization of all available exits, these should be examined for con- 

$ 

sistency with other carriers and their removal or modification proposed 
where possible. • . 

I Airlines can be encouraged to motivate their pilots to exit as 

quickly as possible by stressing the economic consequences of the 
trade-off between capacity Induced delay and factors such as passenger 
^ comfort and tire wear. Pilot motivation will also be enhanced by dis- 

semination of information on the safety and cost implications of partic- 
ular practices. 

^ Pilot technique nay also be improved through the provision of 

Improved information on runway exit location and prevailing envlroraen- 
tal conditions. 

} 

ATC/FAR irrovations 

Changes to existing air traffic control procedures and regulations 
^ can improve runway occupancy by eliminating restrictions that result in 

periods when the runway Is not being used, or by modifying the 
aircraft's approach path and exit use. 

The existing restriction on multiple occupancy of a runvray could be 
relaxed by restricting dual occupancy to alternate sides where 



auffleient clearance exists to permit aircraft to pass, or by longitudi- 
nal separation with sufficient distance on the runway that the trail 
aircraft can come to a full stop or exit before reaching the lead air- 
craft. Arrivals and departures nay also be able to safely use a runway 
simultaneously under certain ’circuastances* 

More efficient use of the runway nay be achieved by designating the 
exit to be used, sequencing aircraft by their occupancy characteristics, 
and Improving the Information available to the controller on aircraft 
speed and acceleration, aircraft characteristics such as weight, and 
pilot Intentions. Full use could be made of potential slots for depar- 
tures. and unnecessary lave-offs could be eliminated, by automating 
departure and go-around decisions with a system that combines speed and 
spacing monitoring with a conflict prediction capability. 

By Including parts of the taxiway system under local (tower) con- 
trol, aircraft would no longer have to be able to stop or change fre- 
quencies before entering the taxiway system, permitting higher exit 
speeds and reducing pilot workload. 

Reduction of glide path height over threshold and changes In the 
slope of the final approach path will reduce time from threshold to 
touchdown, while reducing the length of the final approach path will 
reduce the headway between aircraft of dissimilar speeds. Establishing 
approach tolerance limits could help reduce long runway occupancy times 
by improving approach precision and by early Identification of the 
development of an extreme occupancy time. 
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Each of the potential Innovations under consideration generates 
aone benefit In terns of reduced runway occupancy or reduced threshold 
headway. However this benefit Is not a fixed quantity, but depends on 
the extent of Inpleaentatlon of the Innovation. One cannot therefore 
amply compare the beneflta to be obtained from each Innovation. Some 
account must also be taken of the coats and other consequences of any 
particular level of Implementation. While this suggests a classical 
cost-benefit analysis, this was not considered an appropriate approach 
for this study for two reasons. Firstly It was recognized that each 
Innovation Involved many different costs and other Impacts, and It was 
not felt to be feasible within the resources of the project to attempt 
to assess these to the level required to determine dollar values. 
Secondly the nature, of many of the Impacts is such that there was con- 
siderable doubt that dollar values could be determined that would 
receive general acceotance. 

The alternative approach that was adopted was to Identify three 
types of evaluation criteria: 

• Benefits 

• Required changes In the system 

« Side effects. 

Nineteen individual- criteria were initially Identified within these 
three classes as Indicated on Table 3.4. 


Table 3.4 

Initial Evaluation Criteria 
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2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 

9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16 . 

17. 

18 . 

19. 


keduction in oean and variance 
Predictability of ROT 

Capital cost 

Meed for new technology 

Need for new facilities and equlpnent 

fJeed for new procedures 

Implementation time frame 

Institutional acceptability 

Suitability for retrofit 

Safety Impact 

Noise Impact 

Pilot workload 

Controller workload 

Go-around probability 

Aircraft separation 

Aircraft fleet mix compatibility 

Land requirements 

Passenger comfort 

Airport Impacts 






> 


Benefits 


Benefits consist of both an actual reduction In the mean raiway 
occupancy time or the variation In runway occupancy, or an Increase In 
the predictability of thj runway occupancy. Reducing the occurrence of 
long runway occupancy tines will decrease the site of the buffer ne&ded 
betvieen successive aircraft. Reducing average runway occupancy times 
will permit closer spacing between landing al:-craft or more departures 
during nixed operations. Even with widely varying runway occupancies of 
successive aircraft, capacity gains can be achieved If these can be 
anticipated In advance and the spacing of successive aircraft on the 
approach adjusted to utilize the runway availability created b^ the 
shorter occupancies. 

Requirements 

Requirements for Implementing a particular Innovation were con- 
sidered to Include both the capital costs Involved In obtaining or modi- 
fying the necessary facilities or equipment, and the costs associated 
with the need to develop a new technology or utilize existing technology 
to develop new facilities and equipment, and to establish new pro- 
cedures. In addition It was recognized that different Innovations 
required different time frames for implementation and would present dif- 
ferent degrees of difficulty in achlev;.ng Institutional acceptability. 
It Is also desirable that aircraft innovations ara suitable for retro- 
fitting to the existing aircraft fleet. 


side effects 


Potential side effects that were Identified as resulting from an 
Innovation Include safety and noise Impacts and changes In pilot and 
controller workload or passenger comfort. Increases In go-around proba- 
bility reduce capacity and Impose additional aircraft operating costa. 
Changes In aircraft separation on approach, leading to a reduction In 
airspace capacity, could negate any gains In reducing runway occupancy. 
Some Innovations would affect compatibility between different types of 
aircraft In the fleet mix. Innovations requiring additional land were 
seen as creating difficulties at many airports beyond the question of 
the acquisition cost. There are also particular impacts that might be 
created by some innovations at particular airports, due to the airport 
configuration or other factors. 

Structure of the evaluation 

The foregoing categories provided the Initial framework for 
evaluating the individual innovations. However the requirements as 
identified omit explicit reference to operating costa while the costs 
involved in developing new facilities and equipment can be accounted for 
In the other costa. Implementation requirements can be translated into 
the costs associated with development and approval of new procedures, 
and the cost of training and familiarization programs. 

The benefits in terms of runway occupancy parameters can be used to 
infer the consequences for changes In capacity under given airport and 
fleet mix conditions. The effects of changes In go-around probability 
and aircraft separation can be allowed for in the effect on capacity and 
operating cost. 
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Thus a modified evaluation strategy was developed for more detailed 
consideration of specific innovations. This strategy addresses: 

a Benefits 

a Costs 

a Impacts 

a Other considerations. 

The benefits are assessed in terms of an arbitrary baseline situa- 
tion consisting of an airport with a single runway with 30® angled exits 
at 5000 feet and 7000 feet from the threshold and an aircraft mix con- 
sisting of equal • numbers of arrivals and departures with 10$ heavy and ! 
10$ small aircraft. From estimated changes in the rui:way occupancy 
characteristics, the changes in runway capacity are projected using the 
FAA runway capacity model (FAA:1974)« Estimates of other quantifiable 
benefits, such as reduced operating costs, are also made. 

Costs are assessed in terms of order of magnitude for both capital 
costs and operating costs of the aircraft, the airport and the ATC system* Nev 
technology requirements are expressed in terms of the scale of funding . 
likely to be required to develop the technology. In addition, implemen- 
tation costs are also considered. 

Special account is made of safety and noise impacts, likely 
changes in pilot and controller workload, and passenger comfort. 

A number of issues do not easily lend themselves to quantitative 
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analysis and are generally given a more qualitative treatment. These 
Include: 

o Likely lead time for Implementation 

• Ease of application to existing aircraft fleet and 
airports 

• Compatibility with non-lmproved aircraft or airports 

• The relative pace of development of benefits with 
Incremental Implementation 

• Incidence of benefits and costs across aircraft fleet 
and airports 

•, Timing of pay-off and relative magnitude of research 
and development for new technology 

o Av'allabillty of existing funding procedures 

• Consequences of equipment failure and system degrada- 
tion along a safe path. 

Only those Issues that are believed relevant to a particular innovation 
are given consideration in that evaluation. 

PRELIMINARY EVALUATION 

The fifty eight individual innovations described in Chapter 3 above 
and listed on Tables 3»1 “ 3«3 were subject to a preliminary evaluation 
according to the nineteen criteria given on Table 3.«. For each one of 
the criteria, each innovation was assessed as having a favorable, neu- 
tral, or unfavorable impact In terms of that criterion. For those inno- 
vations for which it was felt the criteria had no meaning, such as the 
suitability for retrofit of Innovations other than aircraft innovations. 




no assessment was made. 


In the case of the benefits criteria, a favorable innovation was 
one that could be expected to provide a reduction in the mean or stan- 
dard deviation of the runway occupancy time or an Increase in the pred- 
ictability of the runway occupancy. Vfhere a reduction in either the 
mean or the standard deviation might be accompanied by an Increase in 
the other, the assessment v/as based on the larger effect anticipated. 
In the case of requirements for changes in the system, a favorable 
assessment Indicates relatively modest requirements, short implementa- 
tion time frame, good Institutional acceptability or good suitability 
for retrofit. Conversely, an unfavorable assessment indicates consider- 
able requirements, long implementation time frame, poor institutional 
acceptability or poor suitability for retrofit.. A favorable assessment 
for side effects Indicates that the Impact of the innovation is likely 
to be favorable under that criterion. A neutral assessment indicates 
that the Innovation either has an impact that is neither beneficial nor 
detrimental, or that the impact is likely io be of relatively small mag- 
nitude. 

The assessment was performed using professional judgement based on 
the technical knowledge of the research team members. The results of 
this assessment are shown in Tables 3«5 - 3 . 7 « The symbols in these 
tables permit the identification of those innovations that appear to 
offer promising benefits without excessively heavy system requirements 
or large adverse side effects. 


Table 3.5 
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Preliminary Evaluation • Aircraft Innovations 
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BEKEFITS 


CHANGES 


Significant None 

None or Minor Minor 

Significant Adverse Major 


SIDE EFFECTS 

Significant favorable 
None or Minor 
Significant adverse 
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Table 3,6 

Preliminary Evaluation — Airport Innovations 
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3. 
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Locate exits to minimize occupancy 
Location of runways, taxiways and 
terminals 

Location of circulation taxiways 
Optimize width of airfield elements 

a. runways 

b. exits and fillets 

c. taxiway turns 

Match exit radii to aircraft 
performance 

Improve exit marking and lighting 
Improve landing aids 

a. VASI/approach lights 

b. ILS/MLS 

c. pavement marking 
Improve runway surface friction 
Improve runway entrance location 
and design 

Additional runways 

a. close parallel/short parallel 

b . V-runways 

c. variable width/double width 
Install arrester devices 
Aircraft guidance wire In pavement 
Improve runway safety areas 
Deceleration gradients 

a. runways 

b. exits 
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See Fig. 3.5 for Assessment Legend. 
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Table 3.7 

Preliminary Evaluation - Pilot and ATC/FAR Innovations 
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PILOT INNOVATIONS 

1. Standardize landing and roll-out 

procedures . » . . 

2. Pilot notivaticn 

3. Remove airline restrictions 

4. Improve pilot information 

a. exit location 

b. environmental conditions 
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See Fig. 3.5 for Assessment Legend. 
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Results of the evaluation 


Aircraft innovations generally were thought to produce favorable 
changes in mean and variance of the runway occuvancy time, although the 
benefits of arresting devices were uncertain due to the mass of the air- 
craft involved, the disengagement problem, and the need to reset the 
device after each use. Similarly, the benefits of lower stall speed 
margins and hen^e slower approach speeds were uncertain due to the 
trade-off between reduced deceleration times and increased time to 
touchdown. Three of the improved landing aids (head-up display, 
NAVSTAR/INS, and improved pilot view) were not expected by themselves to 
improve runway occupancy parameters significantly. Improved landing 
aids and improved instrumentation were the only aircraft innovations 
thought likely to produce favorable changes in the predictability of the 
runway occupancy, with the benefits of ground speed instrumentation and 
cockpit display of traffic being somewhat uncertain. 

Almost all of the aircraft innovations were thought to require sub- 
stantial capital investments, with the exception of changes in tho stall 
speed margin and reduced aircraft weight, assuming that the latter is 
achieved by improved design and component elimination, rather than the 
introduction of more esoteric materials or sophisticated fabrication 
techniques. Variable geometry wings, head-up displays, and improved 
cockpit instrumentation were all thought to require substantial invest- 
ments in developing the required technology, while arresting devices. 
Improved landing aids (except for improvements in pilot view from the 
cockpit), improved cockpit instrumentation, and Improved go-around per- 
formance would all require major expenditures for new facilities and 
equipment. 


Sev«*«I aircraft Innovations would require extended time frames for 
Implementation due to the need to develop the necessary technology, to 
ensure compatibility between the ground-based and aircraft-based com- 
ponent, or to establish and verify safe operating procedures. Arresting 
devices. Increased lia coefficients, powered lift, variable geometry 
and Improved go-arouid performance are all innovations that would be 
largely Introduced with new aircraft, and thus limited to the next gen- 
eration of alrcraa. A MAVSTAR-based landing aid would require the 
deployment and availability of the satellite system upon which It Is 
based. The use of arresting devices and reduced stall speed margins may 
also run Into difficulties of Institutional acceptability, particularly 
due to pilot concerns about safety. Most of the long lead-time technol- 
ogy Improvements discussed above would be more suitable for deployment 
In the next generation of aircraft, and would not generally be suitable 
for retrofitting to the existing fleet. However, Increased lift coeffi- 
cients could possibly be achieved by wing modifications, and 
MAVSTAR/IMS-based landing aids could be retrofitted as soon as the sup- 
port technology or satellite systems beccme available. On the other 
hand, improving tho pilot view from existing cockpits may be very diffi- 
cult without redesigning the entire cockpit layout. 

Adverse safety Impacts are likely to be created by lowering stall 
speed margins or reducing aircraft weight. If this Is done by reducing 
structural component sizes or eliminating redundancy. Increase in the 
use of reverse thrust vould have adverse noise Impacts. Arresting 
devices were thought likely to increase pilot workload. Measures t.' 
decrease threshold; speed woull adversely Influence aircraft separ-tln , 
If capacity Is not to be reduced. However, as discussed elsewhere t 
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this report, this may Tiot be as Important as Is conventionally thought. 
There would be obvious fleet mix compatibility Impacts with arresting 
devices and runway guidance technology If not all aircraft were using 
the same system, or If some were using the system and some not. 
Passenger comfort Is likely to be adversely affected by the use of 
arresting devices or increased turn capability due to the higher 
decelerations Involved. There are also likely to be substantial airport 
Impacts created by the use of arresting devices, due to changes In the 
way departing aircraft are handled and any necessary measures to accom- 
nodate the devices themselves. 

Airport I nnovations were generally thought to give favorable 
changes In the mean and variance of the runway occupancy time, although 
the Improvements to exit marking and lighting, landing aids, and runway 
guidance were felt to contribute more toward Increasing the predictabil- 
ity of runway occupancy than changing the occupancy time parameters. 
The changes In runway occupancy parameters resulting from Improved run- 
way entrance location and design and provision of deceleration gradients 
at runway exits were not thought to be as favorable. 

All airport Innovations were considered to involve major or 
moderate capital costs, with runway exit and entrance location and 
design, and runway and exit lighting and marking Innovations requiring 
less investment than the other airport Innovations. The need for new 
technology was felt to be largely restricted to variable- width runways, 
arrester devices and runway guidance measures, with some further 
development required for improved landing aids. A substantial require- 
ment for new facilities and equipment would be created by changes In 





airfield configuration or relocation of circulation taxlways, by .mea- 
sures to optimize the width of airfield elements or improve approach 
lighting and electronic landing aids, and by the provision of additional 
runways or installation of arrester devices. Provision of olose paral- 
lel, variable width or double width runways would create a leed for new 
procedures. Long implementation time frames could be etpected for 
changes to the airfield configuration, optimization of runway width and 
provision of additional runways. The introduction of improved ILS/HLS 
systems may be delayed by the lead time for research and developaent 
while improvements in runway surface friction beyond the present capa- 
bility may have to await a major breakthrough in pavement research. 
Imirovcnent in runway safety areas may be slow to be Implemented because 
of conflicts with existing airport facilities and layout. It was 
thought that gaining institutional acceptance may be difficult for close 
parallel, short parallel (especially when used for intersection take- 
offs or stop-short lardlngs) and variable width runways. 

Provision of additional runways within the existing airfield 
configuration was considered likely to generate unfavorable safety and 
controller impacts and adversely impact go-around probability. The use 
of close parallel or Increased width runways, and to a lesser extent V- 
runways, is likely to generate adverse aircraft separation Impacts in 
the approach stream. 

Aircraft runway guidance with burled wire technology will create 
aircraft Heet mix compatibility impacts. Relocation of circulation 
taxlways will have major land requirement impacts. Finally, most of the 
airport innovations will of course have substantial Impacts on the 


operation of the airports involved • in particular changes in airfield 
configiration, relocation of circulation taxiways, optimizing the width 
of airfield elements, matching exit radii to aircraft performance, pro- 
vision of additional runways within the existing airfield configuration, 
improvement in runway safety areas and provision of deceleration gra- 
dients* 

Pilot innovations appeared to produce less obvious benefits and 
have lower requirements and generate less adverse impacts than the other 
classes of innovation* Generally, pilot Innovations were considered to 
give modest reductions in the mean and variance of the runway occupancy 
time and most improvement in runway occupancy predictability* It was 
felt that pilot motivation might result in more substantial reduction in 
runway occupancy parameters, while standardizing landing and roll-out 
procedures coul^ significantly improve predictability of runway occu- 
pancy. 

Wo pilot innovations were thought to present major requirements for 
capital expenditure, new technology, or new facilities and equipment. 
Standardization of landing and roll-out and removal of airline operating 
restrictions would establish a neec for new procedures, and would prob- 
ably face difficult tests of institutional acceptability at the hands of 
both pilots and airlines. 

Side effects of the innovations were generally favorable with minor 
adverse safety, noise, and pilot workload impacts from the removal of 
airline restrictions* Paradoxically, Improving pilot information may 
also lead to an increase in pilot workload. Increasing pilot motivation 
may lead to aircraft handling that reduces passenger comfort. 


ATC/FAR I nnovations contribute both 


to a reduction In the mean 
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Most of the innovations are primarily procedural and heavy capital 
coats are not involved. Some capital investment may be needed to sup- 
port better controller information or decision automation. The automa- 
tion of the departure/go-around decision was felt to require substantial 
new technology. Lowering the threshold height may create a strong need 
for new facilities and equipment funds, especially to replace landing 
aids or to lower approach lighting. Permitting multiple runway occu- 
pancy, the enforcement of exit selection, and sequencing aircraft by 
runway occupancy characteristics present a clear requirement for new 
procedures. Multiple runway occupancy, enforced exit selection, lower 
threshold height and modifications to the final approach path were all 
thought likely to encounter problems of institutional acceptability, on 
grounds of safety. 

In fact, multiple runway occuoancy and lower threshold height were 
the only innovations that were thought to have major adverse safety 
Impacts, with minor concern from the safety impacts of enforced exit 
selection end modification to the final approach path. Multiple runway 
occupancy and enforced exit selection appeared to have significant 
adverse pilot and controller workload p. oblems. Lower threshold height 
and approach tolerance limits would also generate adverse pilot work- 
load. Designation of a taxiway to local control and the establishment 
of approach tolerance limits were considered to adversely impact con- 
troller worxload. Go-around probability would be increased by multiple 
runway occupancy, the implementation cf approach tolerance limits, and 
modifications to the final approach path, which were also thought to 
have significant • aircraft separation impacts. 


TUTgRACTIOH B RTWP-Rfi THE IWWOVATIQMS 


Thus far, each of the innovations has been considered as an 
Independent action that might be taken to reduce runway occupancy time, 
or reduce the constraint of runway occupancy on capacity, except that 
the ui,e of arresting devices or runway guidance equipment as an aircraft 
Innovation Implies the Installation of the ground part of the system as 
an airport Innovation. 

However, It Is unlikely that any program to Improve runway cccu- 
peincy characteristics would be restricted to only one Innovation. Cer- 
tain Innovations when Implemented In combination, may give a greater 
payoff than, the siimi of their Individual effects. Some Innovations may 
only give useful results In conjunction with other Inr .-atlons. 0:. the 
other hand, some Innovations are mutually exclusive, while some combina- 
tions produce benefits by changing the same factors. These benefits 
cannot be obtained more than once, thus the benefits of one may preclude 
any further benefits from another. With multiple combinations of Inno- 
vations, there may also be Interference effects that Increase the magni- 
tude of any adverse Impacts or reduce the benefits received. 

A number of combinations of two Innovations arc Identified In 
Tables 3.8 and 3.9. In most cases the advantages to be gained from the 
combinations, or the necessity of Implementing the Innovations together, 
Is reasonably self-evident. 

Further reasons for considering the interaction of Innovations lie 
In the Implementation process. The Implementation of a specific innova- 
tion nay depend on actions being taken on other Innovations, while 


Table 3.8 


Innovation Combinations Requiring Joint Implementation 
to Achieve Benefits 


Clearance to circulation taxlways / 
Standardize landing and roll-out / 
Enforce exit selection / 
Aircraft arresting devices / 
Increase exit turn capability / 
Aircraft runway guidance aid / 
Design exits for Increased speed / 
Varlable/double width runway / 


Design exits for Increased speed 
Remove airline restrictions 
Designate taxiway «o local control 
Install airport arresting devices 
Clearance to circulation taxlways 
Guidance wire In pavement 
Designate taxiway to local control 
Permit multiple occupancy 


Table 3.9 


Innovation Combinations Likely to Improve the Benefits 
When Implemented Jointly 


Variable/double width .runway / 

Pilot motivation / 

Permit multiple occuoancy / 

Permit multiple occupancy / 

Enforce exit selection / 

Sequence aircraft / 

Improve braking capability / 

Increase exit-turn capability / 

Improve go-around performance / 

Locate exits to match fleet / 


Improve runway safety areas 
Improve pilot information 
Improve controler information 
Automate departure/ go-around decision 
Sequence aircraft 
Improve controller information 
Improve runway surface friction 
Locate exits to match fleet 
Automate departure/go-around decision 
Enforce exit location 


different Innovations require actions by different sectors of the Indus- 
try. In some eases, the Implementation of a single Innovation may 
require coordination and action from several sectors In order to 
proceed. This coordination may be easier to achieve In the context of 
considering a wide-ranging set of strategies. In order to evaluate 
these alternative strategies, and to reduce the evaluation to manageable 
proportions, the Innovations need to be grouped Into coherent packages. 


4, INNOVATION PACKAGES 


The previous chapter identifies a large number of innovations that 
were generated by a "brainstorming" process influenced by the knowledge 
and information available at the early stages of the research. A prel- 
iminary evaluation resulted in directly putting aside some of these 
whose feasibility could not be ascertained without extensive analyses 
and additional information. It was found that many of the innovations 
interact and can be grouped into what are termed packages of innova- 
tions. This chapter describes six selected packages that were developed 
and evaluated. 

DEVELOPMENT OF SELECTED PACKAGES OF INNOVATIONS. 

The packages of innovations, or programs to reduce runway occupancy 
times and their effects on capacity, were develooed on the basis of the 
similarities and Interactions between the individual innovations. 

The first package was assembled because of the recognition that 
ouch can be achieved by changes in aircraft technology. Given that the 
opportunities for any significant changes in conventional Jet aircraft 
technology are rather limited for the medium and long haul Jet fleet 
(since most of the aircraft that will make up this fleet within the next 
20 years are either flying today or already in the production stage), we 
have concentrated on short haul aircraft technology and identified a 
package of innovations that could be built into new aircraft developed 
specifically for short haul, or for low density markets. The emerging 


new role of coaauter airlines, and the potential Increase in demand for 
such aircraft, may make such technological development feasible. The 
opportunity to Include some of these innovations in such a development 
is still at hand. 

The next two packages of Innovations were motivated by discussions 
with pilots. They were also suggested by the wide variation observed in 
the landing process, even under similar conditions, implying that pilots 
have considerable discretion in determining the l2inding process. One 
package deals with means of motivating pilots end airlines to con- 
sistently reduce occupancy times to the extent possible, ana the other 
package deals with improving information flow to both pilots and con- 
trollers. Improved information can be thought of almost as a prere- 
quisite for achieving the occupancy time reductions that can be made 
possible with other innovations. 

Two additional packages were developed to respond to the impact of 
runway design and airport configuration. The data reviewed suggested 
that exit location continues to be an important factor, as does exit 
design. Innovative way^ to redesign the airfield surface in order to 
permit, or to support, changed aircraft performance and landing pro- 
cedures become then an obvious candiiatc for consideration. 

Finally, the need to look at runway occupancy as part of an 
integrated process that encompasses the final approach path as well as 
the runway itself led to the development of a package termed Integrated 
Landing Management. This package deals with means of achieving con- 
sistency between time headways of aircraft on final approach and runway 
occupancy times on the runway. 


Each of these packages is discussed below. As is discussed later 
it this chapter, these packages are not necessarily independent and 
there may be benefits from combining them into larger programs. 

DESCRIPTION AND EVALUATION OF INNOVATION PACKAGES 

This section describes in detail the composition of each of the six 
selected innovation packages and the results of the evaluation of the 
benefits that may be expected from each, together with a consideration 
of the implementation requirements and the associated Impacts. 

It was felt to be beyond the scope of this report to attempt to 
apply a more detailed evaluation methodology to the wide range of inno- 
vations identified' below than that described in Chapter 3. The benefits 
of a specific package are assessed in terms of the percentage increase 
in runway capacity that can be attributed to the innovations, either 
through a reduction in runway occupancy time or otherwise, under speci- 
f5.ed baseline conditions. 

The computation of the changes in runway occupancy time as a result 
of a specific innovation were performed with the aid of a computer pro- 
gram that modelled the approach and landing path of an aircraft as a 
function of its performance parameters. These pareimeters were changed 
to reflect the different innovations. In both the baseline condlticn 
and the real world, the location of runway exits influences the runway 
occupancy times due to the stochastic nature of the aircraft perfor- 
mance. Even if on average all aircraft of a particular type decelerate 
quickly enough to take a given exit, in reality there will always be 
some that miss the exit and incur a much longer runway occupancy while 


thay tsxl to ths noxt svaiXable 6Xlt» Tha conputar prosran oodallad 
this stochastic variation by simulating a saquance of landings with the 
parameters having the same mean valuer modified by a random component to 
reflect the variation In aircraft performance encountered In practice. 

IMPROVED SHORT-HAUb AIRCRAFT TECHNOLOGT 

Qbieetlva 

Improved aircraft performance di*rlng landing and take-off offers 
one strategy to reduce runway occupancy. This performance Improvement 
can be achieved through technology designed Into new aircraft, or retro- 
fitted to existing aircraft. Some changes In tne existing technology 
may require corresponding changes in other parts of the system, such ?s 
the runvfay surface. The objectives of these technological Improvements 
consist of: 

• Increased deceleration on landing or acceleration on 
take-off. 

• Increased turn capability in order to exit at higher 
speed. 

o Reduced touchdown or lift-off speed in order to reduce 
the amount of deceleration or acceleration required on 
the runway. 

• Improved go-around performance to permit controllers 
to delay go-around decisions in marginal cases. 

Increased deceleration or exit speed will only result in a reduc- 
tion in runway occuiancy time if the aircraft is In fact able t j exit on 
reaching exit speed. This implies that the benefits of these improve- 
ments will only be realized if runway exits are currently being passed 


up by landing aircraft, or If new exits are provided. 

Technology changes to achieve these objectives are likely to create 
a weight penalty when coapared with existing technology, or future tech- 
nology designed for the current envlronaent. The magnitude of this 
penalty will increase with stage length, hence these changes are likely 
to Offer the biggest pay-off for short-haul aircraft. Another reason 
for concentrating on short-haul aircraft Is that reduced runway occu- 
pancy tines generally translate Into reduced runway length requlreaents. 

Increasing the possibilities of providing separate short- laul runways at 
busy airports. 

Ealiaagj^l Dinaaii daagiera ti^ and aeceirrxMnn 

Aircraft Inprovenents to Increase deceleration on the runway 
include: 

• Increased reverse thrust 

• Improved brakes and tires to permit higher sustained 
braking 

• Measures to increase the aerodynamic drag during land- 
ing. 

Inoro..,a r«l„ «ii .ccl.r.tlon on 

take-off and go-around performance. 

Since runway friction Is currently a Uniting factor in braking 
under some circumstances, Improvements In runway surface friction may be 
required to natch Improved brakes and tiros. 


Enhanced exlL Lucn capahilltY 


Improvements in aircraft steering and landing gear to tolerate 
higher side forces will permit pilots to exit at higher speeds. These 
improvements must address the structural Integrity of the gear and the 
ability of the tire to both withstand the higher side forces involved 
and to develop sufficient friction at the tire/runway interface to 
transmit these side forces to the runway. A major problem arises with 
nose wheel tire scrub. However there are other ways‘ to provide the 
necessary steering forces such as aerodynamic control or asymmetric 
power. Active control integration could orovide real-time adjustment of 
rudder, power and nose wheel castor to optimize steering control. 

As with hraScing improvements, improved tire technology to withstand 
higher side forces may require improvements in runway surface friction. 

Reduced touchdown anl lUlrOLL fiPCada 

Reduction in touchdown speed will reduce the time spent decelerat- 
ing to exit speed from touchdown for a given deceleration capability. 
However, for a given approach path (defined by the glide slope and glide 
path height over threshold), the time from threshold to touchdown will 
be increased by a reduction in approach spe2d. There are also capacity 
Implications of a reduction in approach speed for a given mLnimum dis- 
tance separation on approach, as noted elsewhere in this report. Main- 
taining higher approach speeds then bleeding off excess airspeed prior 
to touchdown will move the touchdown point down the runway and result in 
increased time between threshold and touchdown. Thus measures to reduce 
touchdown speed should be made in the context of either accepting 
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r8duc6d distance separation on approach | in order to naintain headways 
at lower approach speeds, or of providing enhanced airborne deceleration 
capability • 

Reduction in touchdown and aoproach speeds can be achieved by: 

• Increasing the lift coefficient in the landing confi- 
guration 

• Reducing the stall speed through the provision of 
powered lift 

• Increasing the wing area through variable geometry 
technology. 

All three measures will require increased power, either to combat 
increased drag or to provide powered lift. 

Reduction in the time from threshold to touchdown can be achieved 

by; 

• Reducing the margin of anproach speed over stall speed in 
approach configuration 

• Use of reverse thrust prior to touchdown 

• Increased aerodynamic drag. 

Reducing the stall speed margin has obvious safety implications, 
and nay require active controls linking flight controls and power or 
airbrake settings to airspeed, in order to prevent an Inadvertent stall 
while the pilot’s attention Is distracted. The use by Concorde of a 
lower margin suggests that the safety concern is not Insurmountable. 
Use of airborne reverse thrust may have flight stability Implications, 
although it has been used successfully in some military aircraft. 


Improved go^around performance 


Increased thrust-to-welght ratios have a]re/.dy been discussed 
above* Another factor in determining go-around pirfonaance is the time 
required for turbine engines to develop to full power* If this could be 
reduced, then the lag between the go-^around decision and the aircraft 
initiating a climb could also be reduced* Finally, a rapid reduction in 
aerodynamic drag without a corresponding reduction in lift »-wuld permit 
faster aircraft acceleration or earlier climb initiation* An active 
air speed/ flight control system as discussed above may permit climb ini- 
tiation at the earliest moment* 

Evaluation 

The above measures achieve a reduction in runway occupancy time 
either by directly reducing the time spent between threshold and exit or 
by permitting controllers some discretion in overlapping successive run- 
way occupancies by allowing a following aircraft to proceed beyond the 
threshold in marginal cases before ordering a go-around* Several of the 
imp'*:^7ements identified above contribute to more than one way of reduc- 
ing che runway occupancy time* thus improved tires and runway surface 
frionion under some circumstances will allow both Increased braking and 
hlg»>^r exit speeds. Some improvements have no obvious upper bound (such 
as ^ow much increased drag Is feasible). This suggests an evaluation 
stra^'egy that considers the following aspects of runway occupancy time: 

o Time from threshold to touchdown 


♦ Time from touchdown to exit 


• Buffer needed to prevent excessive go-arounds 


For a one second reduction in each of these aspects, the benefits 
resulting ffora the consequent capacity increase can be assessed. These 
benefits can then be compared with the costs of achieving a progres- 
sively increased performance using the following independent strategies: 

♦ a) Increased thrust-to-weight ratio with rapid engine 
wind-up, 

♦ b) Enhanced braking using improved brakes, tires and 
runway surface friction, 

♦ c) Enhanced exit turn capability with improved land- 
ing gear, tires, runway surface friction and active 
control integration. 

♦ d) Increased aerodynamic drag with compensating power 
on approach and airborne reverse thrust before touch- 
down . 

a e) Reduced approach and touchdown speeds using STOL- 
technology (high lift coefficient, powered lift, vari- 
able geometry) , 

♦ f) Reduction of stall margin on approach or go-around 
using active controls . 

Further improvement may be obtained from a combination of these strate- 
gies. 

Benefits. It was assumed that the foregoing strategies could 
achieve the following improvements in aircraft performance, compared to 
the baseline case: 

0 An increase in runway deceleration to 6-10 ft/sec^ 


• An increase In exit turn capability to ««0-60 knots 

• An Increase in airborne deceleration to 2-i» ft/sec^ 

• A reduction in threshold speed to 120 knots. 

Analysis of the effect of these performance improvements on the 
baseline conditions gave a reduction in runway occupancy time from 5 to 
25 seconds. Such a reduction would produce up to an 8X improvement in 
runway capacity at a typical airport with a typical prevailing aircraft 
neet mix. Reducing the runway occupancy time through the foregoing 
measures also reduces the landing distance required, increasing the 
potential for independent use of intersecting runways. 

Cos^. Capital costs associated with these measures are likely to 
be high, with extensive reqvlremeits for aircraft Qeet replacement or 
retrofit. There is also likely to be substantial operating cost penal- 
ties resulting from the additional weight associated with the measures 
to achieve the enhanced performance. Estimates of the dollar values of 
these costs were beyond the scope of this study. The need to develop 
the necessary short-haul aircraft technology will require a major 
research and development program. Tne implementation costs, apart from 
aircraft retrofit or acquisition, are likely to be moderate, with a lim- 
ited amount of associated airport Improvements, such as improved runway 
friction courses. 

Irapao^. The enhanced operating performance may possibly lead to 
some reduction of safety margins, although some counter-measures (such 
as the use of active controls) might be able to offset this effect. 
Tliere is likely to be a moderate increase in aircraft noise resulting 
fhom the use of higher engine thrust. The enhanced performance may also 


lead to aorae increase in pilot workload due to the reduced reaction 
time. Ko significant change is expected in controller workload. While 
the higher deceleration and exit speeds might be expected to result in 
some reduction in passenger comfort, the values involved appear to lie 
within the tolerable range suggested by existing empirical work (e.g. 
Horonjeff: 1958). • 

Other considerations. Many of the measures proposed are likely to 
have a long lead time for implementation and be difficult to retrofit to 
the existing fleet. There does not appear to be any compatibility prob- 
lem with the existing aircraft fleet or airports. The benefits increase 
incrementally with the introduction of the new technology aircraft into 
the fleet, giving low initial benefits and slow build-up. The benefits 
occur primarily at busy airports but the capital and operating costs are 
incurred whenever the advanced technology aircraft are used, on flights 
between any airports. Thus the cost-effectiveness of these aircraft 
will be higher if they are primarily used between busy airports and 
lower if they make many of their flights to relatively uncongested air- 
ports. 

PILOT AND AIRLINE MOTIVATION AND REGULATION 

The empirical evidence available suggests that variation in pilot 
behavior plays a major role determining the runway occupancy times of 
landing aircraft. Some studies have concluded that pilot behavior is 
the most important factor influencing the variation in these times. 
There is evidence that suggests that enhanced pilot and airline motiva- 
tion to reduce runway occupancy times is a reasonable course of action. 
One piece of evidence is the significant variation of runway occupancy 


time for the same aircraft type under similar conditions. Evidence sug- 
gest J, for example, that the location of the terminal gates of a partic- 
ular airline influences the exit selected by pilots of that airline. 
When the appropriate exit is relatively close to the runway threshold, 
then shorter runway occupancy times can be observed. This Implies that 
variation in the operating parameters of a given aircraft on a runway 
are quite possible. In addition, there are rather wide variations in 
such parameters as approach speed, deceleration rate,' touchdown point 
and height over the threshold. The data suggest that there is no signi- 
ficant direct relationship between these parameters and such environmen- 
tal factors as wind and temperature, nor. does there seem to be a signi- 
ficant difference between aircraft types (See for example, Sceuart and 
Gray: 1981). Runway occupancy times appear to vary most significantly 
on the basts of the exit used on any given runway; and even for the same 
exit there remain some variations in runway occupancy times between air- 
craft. Figures 1 - 4*4 illustrate this result for a sample of opera- 
tions at Atlanta's Hartsfield International Airport. Not only do these 
figures illustrate the wide variability of some parameters of the land- 
ing process, but they also show the absence of any correlations between 
them and runway occupancy times. While these limited data do not Jus- 
tify any firm conclusion, they do suggest that human factors such as 
pilot behavior, and airline policy influences do play an important role. 
This phenomenon is demonstrated by data for Los Angeles Airport reported 
by Koenig (1978). Landing runway occupancy times for two runways ware 
stratified among two carriers, TWA and UAL. For two runways, 25R and 
25L, the results show significant differences in mean occupancy times, 
as shown in Table 4* L The consistent difference between these 
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Table 4.1 


Mean Runway Occupancy Times for Landing Aircraft 
Los Angeles International Airport 
(seconds) 


Heavy Aircraft Light Aircraft 


Runway 

UAL 

TWA 

UAL 

TWA 

25L 

50.9 

53.3 

44.8 

51.9 

25 a 

56.3 

64.0 

52.6 

61.5 


Source; H.L.Schoen £t al [1979] 


occupancy times may be explained by the fact that UAL has Its terminal 
nearer to the thresholds of runways 25R and 25L than TWA. Again, the 
extent to which these differences can be generalized cannot be deter- 
mined. But the sense Is that, In addition to empirical evidence such as 
the Los Angeles Airport example, the case for pilot motivation and air- 
line policy influences Is compelling. Some airlines have explicit poli- 
cies regarding the application of thrust reversers and aircraft turn 
maneuvers at given speeds. These policies Influence runway occupancy 
times. 

The empirical evidence on hand also suggests that aircraft 
ccpable of landing within a rather wide envelope of parameters. For 
example, ground speeds over the threshold vary between 105 and 145 knots 
In. the data shown In Figure 4.2. The sane can be said for deceleration 
rates, threshold ground speeds, and exit speeds; all Important deter- 
minants of runway occupancy times. 

In addition to suggesting the Importance of pilot and airline 
behavior in determining runway occupancy tines, this Is an encouraging 
result for those interested in reducing those tines. It Implies that 
there are possibilities for optimizing aircraft operations on the run- 
way, and that some Improvement might be possible within the limits of 
capability of current aircraft technology. If an aircraft Is capable of 
touching down at 110 knots and at 150 knots as suggested by the Boeing 
727 simulations results In Flg’ire 4.5, then one might be able to take 
advantage of such a wide range of capabilities by va*'ylng speeds, head- 
ways, and separations In order to optimize the utilization of a runway. 
Part of this variability in speed is due to variations in the prevailing 
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FIG. 4.5 Histograns of Average Groundspeed fron Threshold to First 
Gear Down, based on B-727 Sloulator Tests at NASAAnes. 










wind. It is most likely that high ground speeds occur in conditions of 
tail wind, or of little or no headwind. Thus some of these high speeds 
may not be achievable in other environmental conditions. The seuse would 
be true of the opposite case where low ground speeds aro observed. Only 
a detailed analysis of available data would permit the determination of 
appropriate ranges to use in the context of this discussion. Naturally, 
a much more thorough investigation of aircraft capabilities, under vari- 
ous operating conditions would be necessary before one goes too far in 
planning such strategies. 

Approaches to Pilot and Airline Motivation 

Notwithstanding the stochastic nature of the process of landing an 
aircraft, it can be said that there is, for any given set of conditions, 
an optimal path for every aircraft that minimizes the total service time 
for that landing. If runway occupancy time Is the constraining factor 
on this service time, the optimal path is the one that minimizes the 
runway occupancy time. This optimal path can be achieved by regulation 
or by encouraging airlines to establish the appropriate procedures, and 
pilots to apply them. Neither of these two extremes is appropriate. 
The first is unrealistic for a number of reasons, not the least impor- 
tant of which is the fact that the landing process is replete with ran- 
dom elements and occurrences that are often outside the control of the 
pilot or the controller. No amount of regulation will ensure that the 
optimal landing paths will always be followed by all aircraft. The 
second view fails for essentially the same reason. It is not suffi- 
cient to just encourage pilots to try to reduce runway occupancy time. 
For any real gains to be made it would be important to virtually 


eliminate the excessively long occusancles even If the mean Is not 
greatly reduced. To do this would require Incentives that are suffi- 
ciently strong or alternatively strict regulations and control. 

The distinction between pilot and airline motivation Is worthy of 
some consideration before addressing the specific means of such motiva- 
tion. It can be said that this distinction Is redundant since pilots 
work for airlines, and presumably follow airline policies In their 
behavior during a landing process. To the extent that all aspects of 
the landing process are covered by specific airline policy, one need 
only address the airline. However, there will probably remain a number 
of factors affecting the overall performance of a landing operation that 
are at the complete discretion of the pilot, and for which direct pilot 
motivation may be useful. We shall therefore address the various means 
of "airline and pilot motivation" as a single set of strategies aimed at 
these "users" of the runway system. We can identify two major classes 
of strategies for achieving the desirable parameters of the landing pro- 
cess. The objective of these strategies would be to move toward an 
optimal landing process through a set of motivating factors. Benefits 
gained from motivating pilots and airlines to simply reduce runway occu- 
pancy times nay not be worthwhile, if they do not achieve the "optimal" 
profile for each landing. As discussed earlier in this r-port, reducing 
runway occupancy time is not as important as matching that time with the 
headway between aircraft, and then reducing both. On the other hand, 
some benefits can always be achieved by motivating pilots and airlines 
to reduce runway occupancy times during mixed operations in poor weather 
conditions. Two classes of strategies are discussed below, namely 
cconoalo incentives and operational rules. 


Economic incentives 


Pricing the use of the runway system is probably the only way in 
which airlines and pilots can be economically motivated to reduce runway 
occunancy times. Pricing may be better described as a deterrent than an 
incentive. However, the implementation of a pricing strategy in which 
the fee for using the runway depends on the runway occupancy time would 
constitute a strong incentive to airljnes to reduce that time. Much of 
what an airline, or a pilot can do to reduce occupancy tine, such as 
using higher deceleration rates or higher turning speeds, may result in 
higher aircraft operating costs. For this reason the current tendency 
is toward longer occupancy times, except perhaps in the case where the 
airline is motivated by the location of the terminal vis^o-vis the exits 
available on a runway. With a pricing function that is an increasing 
function of runway occupancy time, the airline will be faced with two 
ODDOsing influences. This is illustrated in Figure 4*6 in which 
schematic cost and price functions are shown. The aircraft operating 
cost function is likely to show a sharp rise in operating cost as the 
runway occupancy time decreases. The total landing cost, which is the 
sum of the two, will have a minimum somewhere in the middle, since both 
functions are likely to be convex. Airlines using the runway will 
presumably try to achieve this minimum, if it is physically possible. 
This will mean a reduction in occupancy time, since in the absence of a 
time based landing fee, the airline is likely to reduce operate*' - costs 
by not applying the costly procedures that reduce occupancy ti.^-. Rur- 
way occupancy time would decrease from some value indicated by t on Fig- 
ure 4.6 toward the lower value t*. The incentive to reduce runway occu- 
pancy time is not only due to ihe pricing function that may be applied; 




during periods of heavy traffic » it is to the advantage of all users to 
reduce the occupancy time in order to increase the capacity of the run- 
way and reduce delays and aircraft operating coats. 

The implementation of a service time based user charging system has 
profound economic implications, and cannot be done without a thorough 
analysis. The fundamental rationale behind it is that runway time is a 
scarce resource that is to be allocated to a number of users, whose use 
in turn generates benefits. It is clear that such a system will only 
make sense during periods when runway occupancy time is in fact a capa- 
city constraint, and when traffic is heavy. It would make little sense 
to charge a progressive landing fee based on runway occupancy time for a 
landing when there is no other operation immediately following. There- 
fore pricing on the basis of occupancy time would be implemented during 
periods of congestion, when the average cost curve for using the runway 
is rising with traffic volume. The pricing mechanism could be then 
developed on the basis of recouping the potential benefits from runway 
occupancy time reduction that would be forfeited if the time is longer 
than the optimal. To illustrate this we consider the cost functions 
shown in Figure 4.7(a). These functions show the typical increase with 
traffic volume, indicating the onset of congesclon as volume aporoaches 
capacity. Curve AVC^ represents what might be considered a runway with 
no "incentives" and- with long runway occupancy times. Curve AVC^ 

represents the potential cost function if runway occupancy times are 
optimized for all operations. It is to be noted that the potential 
benefits from occupancy time reductions increase w. • a traffic volume. 
These savings are shown in Figure 4.7(b). The objective of the service 
time based pricing scheme would be lost with longer runway occupancy 
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times. The specific pricing 'scale* to be applle^ to a iv iway will also 
depend on the traffic level at any point in time. With a low traffic 
volume the penalty for longer occupancy time would be comparatively less 
than with higher volume, and will increase rapidly as the volume 
approaches capacity. To see this we can look at Figure 4.8 in which 
possible contours of equal average delay are sketched for different com- 
binations of traffic flow (q), and occupancy time (t). The convex con- 
tour lines Illustrate the fact that with a lower occuoancy time per 
operation, a larger number of operations can be accommodated during any 
given time period. 

The practical implications of occupancy time pricing cannot be 
Ignored. There are a number of considerations that have to be dealt 
with In any analysis of this concept. Including the logistics Involved 
in establishing and applying the pricing mechanism. The process would 
Involve the timing of each landing operation In order to determine Its 
occupancy time and matching that Information with the flight Information 
for accounting purposes. A number of political Issues may have to be 
resolved .before such a concept could be implemented. It nay be neces- 
sary to demonstrate that this pricing method optimizes the utilization 
of existing airport facilities, both from the airport and airline per- 
spectives, and from the more general economic efficiency perspective. 
It may be argued that pricing on the basis of runway occupancy time can 
only be Justified If the optimal landing path for each aircraft Is 
known. This Innovation may therefore have to be combined with others 
discussed in this study, such as Improved information flow between air- 
port and aircraft, and the Integrated Landing Management concept. 






Regulations ^ controls 


Pricing is not the only form of pilot and airline motivation that 
can be applied to the current problem. A more direct, although leas 

obviously economically Justifiable, method is to institute a set of 

regulations and controls that will ensure that a prescribed landing path 
is followed as closely as practicable by every aircraft. This would 
Involve defining the parameters of an optimal landing path and deter- 
mining their values for a whole range of conditions. Then the appropri- 
ate rules and procedures would have to be modified so that the esta- 
blished air traffic control, runway operation, and flight rules all 
would direct the operation of landing lowaj-ds the optimal landing paths. 
For example, one could consider regulations that would soeolfy the 
amount of reverse thrust, or the deceleration that an aircraft must fol- 
low on the runway; or prescribe a specific range for heights over thres- 
hold, touchdown point, and approach speed. One could consider institut- 
ing rules that specify the choice of exit for a landing ooeration. In 
other words, more of the landing parameters could be made the subject of 
rules and regulation and not left to the discretion of pilot and con- 
troller. The practical feasibilities of particular measures need 
further investigation. Such changes will no doubt complicate the 
approach and landing procedures, and will increase the control functions 
associated with an operation. Thus the impact on air traffic and ground 
control capacities would have to be assessed. 

To supplement this development of rules and procedures, it may be 
necessary to make the verification of the abilities of aircraft and of 
pilots to follow these procedures a part of the certification process. 


This again suggests that logistic, administrative and political issues 
will have to be dealt with, as they arise in the process. 

Other procedural means 

Pilot and airline motivation can be enhanced to a certain extent 
without resort to any of the rather extensive strategies mentioned in 
the previous paragraphs. The benefits are of course likely to be 
correspondingly less; Some of the less involved procedural aspects of 
pilot and airline motivation would include preferential runway assign<- 
ments influenced by the relative location of exits and terminals, and 
integration of approach and ground controls in order to simplify the 
process of clearance from the runway to the gate position. Many of the 
other innovations addressed elsewhere in this study, having to do with 
information flow and with improved air traffic control technology, will 
help to motivate the users of the runway system to increase the effi- 
ciency of their use. 

System requirements 

There is little by way of technical system requirements that would 
be needed to implement this concept. One clearly identifiable require- 
ment is related to the pricing concept. This is automated occupancy 
time measurement and accounting. This system would be needed in order 
to have an on-line capability for measuring the runway occupancy time 
for each operation, and for performing the necessary data management 
that would provide for efficient accounting. Given that controller and 
pilot workload are heavy during periods when runway occupancy time is 
important, and when a pricing system might be in effect, it is important 
that this system be automated and independent of controller and pilot 
functions. 


In addition, it would be necessary to collect data on aircraft run- 
way performance in order to establish a reasonable and efficient pricing 
system, and to identify the potential for further Improvement. Aircraft 
runway performance monitoring could be part of the occupancy time mea- 
surement and accounting system, or it could be a separate system. If 

separate, it also would need to be automated and independent of con- 
troller and pilot functions. 

Evaluation 

Benefits . It 1s very difficult to make an accurate assessment of 
the benefits that can be achieved from pilot and airline motivation. A 
thorough study of airline costs and motivations, and analyses of pilot 
behavior and human factors would be essential for such a task. Nonethe- 
less, one can use the evidence available to surmise the orders of magni- 
tudes of potential savings that can be achieved. There have been some 
previous studies of the runway occupancy times for different airlines 
under essentially similar conditions. In one such study (Koenig: 1978) 
occupancy times for United and Trans World Airlines were compared for 
the same runway at Los Angeles airport. Due to the relative locations 
of the airlines' terminals and the exits on runways 25R and 25L, it was 
observed that United Airlines achieved occupancy times 5 to 15% lower 
than Trans World, and much of that was attributed to the fact that the 
former carrier could benefit from using the earlier exit due to terminal 
location. In another experiment at Denver Stapleton airport, pilots 
were consistently asked by controllers to expedite and exit as soon as 
possible. Savings in occupancy time of approximately 20 seconds were 
reported. (Schoen et al ; 1979). 
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The TSC data analyzed in this study can ' ,d seme light on the 
potential reductions in runway occupancy time t.u., can be achieved by 
pilot and airline motivation* Data from operations on runway 27L at 
Atlanta with an aircraft fleet mix of predominantly DC9 and B727 air- 
craft show a standard deviation of occupancy time of 10X of the mean for 
groups of aircraft using the same exit. 

This suggests that pilot and airline motivation could result in 
runway occupancy time reductions of the order of 10 seconds This vrould 
give an increase in runway capacity at a typical airport with a typical 
current fleet mix • of about 6X. Preferential assignment of flights to 
runways could also achieve savings through reduced taxi time. 

Costs^ No significant capital facilities or operating costs are 
involved. System development costs are likely to be moderate for the 
occupancy time measurement, accounting and performance monitoring equip- 
ment. There may be some increase in aircraft operating costs on the 
runway as pilots attempt to reduce occupancy times, but this is more 
than offset by the delay reduction of the capacity incr"'ase. Implemen- 
tation costs are likely to be moderate and primarily Incurred in the 
development and approval of new procedures, and with pilot and airline 
familiarization. 

Impacts. There may possibly be a small reduction In safety margins 
and passenger comfort due to less conservative aircraft handling on the 
runway. Pilot workload may be increased due Lo the reduced reaction 
time with shorter runway occupancies, and controller workload may 
increase due to changed ATC procedures and local/ground control coordi- 
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Measures to improve the Information flow may be directed at the 
pilot, the controller, or the flow of information between pilot snd con- 
troller. The pilot requires information on aircraft position and speed 
and deviation from optimal position and speed, as well as information on 
ambient conditions and nearby traffic. The latter information is needed 
partly to. help the pilot determine the optimal position and speed, and 
p»rtly to permit the exercise of ultimate responsibility for the safety 
of the flight. This information should be accurate, timely and 
presented in as simple a manner as feasible. The controller requires 
information on the aircraft status, intentions and capabilities. This 
information should be provided in a manner that is compatible with the 
controller 's ^ other tasks and that minimizes the need for voice communi- 
cation with the pilot. 

Pilot information 

Pilot information Innovations could provide information that is not 
currently available to the pilot (or is not available in a readily 
usable form), could provide existing information in a more accurate or 
timely way, or could present information in a simpler or more convenient 
manner. Information innovations can be grouped according to pilot tasks 
as follows: 


1. Maintain precision on final approach 

a) Head-up display 

b) Coupled autopilot to touchdown (cat Ilia 
approach) 

c) NAVSTAR/IHS approach aid 

d) Improved VASI/approach lights 

e) Improved ILS/MLS. 






2« Determine approach speed and deceleration profile 

a) Ground speed indicator 

b) Cockpit display of traffic information 

c) Ambient condition display (wind* runway 
surface condition) 

d) Improved exit location information, 

3* Identify exit and maintain deceleration profile 

a) Aircraft runway guidance 

b) Improved exit marking and lighting 

c) Improved runway pavement marking. 

Maintain safety margin? during approach and landing 

a) Head-up display 

b) Cockpit display of traffic information 

c) Improved ambient condition information. 

Support for the fourth task contributes indirectly to reducing run- 
way occupancy time* since improvements in the ease or accuracy of main- 
taining safety margins may lead pilots to make fuller use of other means 
to reduce runway occupancy time* either by providing reassurance that 
safety is not thereby compromised or by reducing workload and thereby 
releasing time for other tasks. 

Runway deceleration profile guidance 

In general* an aircraft will not touch down and then maintain max- 
imum deceleration until it reaches an exit at exit speed, although such 
a deceleration profile would give the lowest possible runway occupancy 
time. Such a profile of course requires that an exit be located pre« 
cisely at the point wh-sre exit speed is reached* and that the pilot 
realizes that maxinam deceleration must be maintained in order to util- 
ize the exit. In practice it Is very unlikely that an aircraft would 


follow such a profile, since even if the aircraft touched down at the 
optimvxa point, any reduction in deceleration by the pilot would cause 
the aircraft to overshoot the exit. In general, the deceleration pro- 
file can be characterized by a period of Initial deceleration after 
touchdown to assure a safe roll-out, followed by a period during which 
the aircraft decelerates slowly on the runway toward the exit selected 
by the pilot, followed by a period of more rapid deceleration as the 
aircraft approaches the exit. The Initial deceleration Is usually per- 
formed with reverse thrust, while the final deceleration is usually per- 
formed with the wheel brakes. It appears fairly common practice to 
reduce the speed to about 60 knots with the reverse thrust, before 
reducing power and using wheel brakes. 

For any given touchdown point and speed, the runway occupancy time 
will be a minimum if the aircraft rolls at high speed to the point at 
which maximum feasible deceleration will reduce the speed to exit speed 
just as the first achievable exit is reached. However, a pilot con- 
cerned about overshooting the exit will tend to initiate the final 
deceleration too early, and may maintain the initial deceleration after 
touchdown for longer than is necessary to secure the landing. Both 
actions will increase runway occupancy time above the minimum achiev- 
able. It is therefore desirable to provide the pilot with deceleration 
guidance that indicates when to terminate the initial deceleration and 
when to commence- the final deceleration to the exit. It may ai.-o be 
desirable to Indicate to the pilot which exit this deceleration profile 
will utilize. The target profile to be followed should take account of 


such factors as: 


• Aircraft type and deceleration capability 

• Aircraft weight 

• Wind strength and direction 

• Runway surface condition. 

If the position and speed of the aircraft is known at touchdown, 
together with the above factors, the required profile can be computed. 

The profile must be displayed to the pilot. A digital display of 
actual and target deceleration is cumbersome, and does not account for 
deviations of the. aircraft from the target profile. A better method is 
to provide a real-time moving target location. If the aircraft 
decelerates too much, it will drop behind the target and the pilot can 
reduce the deceleration to catch up. If the aircraft does not 
decelerate enough, it will overtake the target and the pilot will have 
to increase the deceleration to let the target catch up with the air- 
craft. This suggests that the maximum target deceleration should be 
somewhat less than the maximum p>osslble deceleration of the aircraft to 
allow for deviations from the target profile. 

One way to display the target location to the pilot would be to 
utilize the runway centerline lights. If these lights were indepen- 
dently controlled, they could be turned either on or off in sequence to 
give the illusion of a moving light or gap in the lights. The pilot 
would then decelerate in order to try to keep the aircraft nose a short 
distance behind the target. Even If the aircraft overtakes the target, 
the pilot simply Increases the deceleration until it 


appears again in 
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power 


interrogating unit with the aircraft type and weight as the aircraft 
crosses the threshold (this might require some data entry by the flight 
crew during approach), output from the Automated Radar Terminal System 
(ARTS) computer to give aircraft type, with aircraft weight inferred 
from approach speed, or data from airline operations^ 

In the event that it becomes apparent that the aircraft is golrg to 
overshoot the target exit or that the pilot is not following the 
deceleration profile, the micro-processor can provide a revised 
deceleration profile to the next exit. The micro-processor could also 
be programmed to monitor the deceleration performance of each aircraft 
type and update its data bank on deceleration capabilities. 

Controller information 

As with pilot information, controller information measures could 
provide information that is not currently or readily available to the 
controller, could provide existing information in a more precise or 
timely way, or could present information in a more convenient manne*. 
The controller’s problem is somewhat different from the pilot’s, in that 
the pilot must monitor a very large amount of diverse information cover- 
ing all arnects of the operation of the aircraft, while the controller 
is only concerned about a small subset of this. The controller, on the 
other hand, must -coordinate this Information for several aircraft at 
once. The controller requires Information on both the current and 
expected future position of the aircraft, as well as the capabilities of 
the aircraft and the Intended destination on the airport. Information 


measures may be grouped accordituj to controller tasks, as 


165 


1 • Maintain minimum safe separation between aircraft 

a) Digital threshold headway/separation display 

b) Aircraft airspeed limitations 

c) Automate departure release/go-around decisions. 

2. Anticipate runway occupancy time 

ll^^craft speed and touchdown point 

b) Aircraft acceleration/deceleration potential 

c) Pilot intentions. 

3. Advise pilots of exit to use 

a) Aircraft deceleration potential. 

The mechanism . for providing this information to the controller 
deserves some consideration. In the case of the approach controller, 
the information can be displayed directly on the radar screen, along 
with the other ARTS alphanumeric data. In the case of the local con- 
troller, the information could be obtained from the BRITE display in 
tower cab. 

Evaluation 

The foregoing measures achieve a reduction in runway occunancy 
improving the precision of the final approach, by reducing the buffer 
required to allow for variation in the actual time between threshold and 
exit, or by operating closer to the optimum deceleration profile on the 
runway. Analysis was performed assuming a 50i reduction in the standard 
deviation of the height over threshold, and operation on an optimum 
deceleration pr i.le based on a maximum deceleration of 6 ft/sec2 and an 
QO knot roll-out. 


Benefits. This analysis gave a reduction in runway occupancy time 
for a typical runway varying from 2 seconds for the improved approach 
precision to about 15 seconds for the optimum deceleration profile. It 
was assumed that the buffer between arrivals could bo reduced by 5 
seconds with improved controller information. These occupancy reduc- 
tions give up to 1 % corresponding increase in runway capacity under typ- 
ical conditions. 

Cos^. Capital requirements for the necessary aircraft instrumen- 
tation and ground aids are likely to be moderate. Operating costa of 
the new equipment and landing aids are also likely to be moderate. 
Development of the. new instrumentation and aids will require a signifi- 
cant research, engineering and development program for a few years. The 
implementation costs would be largely those associated with familiariz-, 
ing pilots and controllers with the new procedures. 

^ pacts. It is likely that a moderate improvement in safety would 
result from the better information. The impact on pilot workload is not 
clear, with some additional tasks and some simplification, depending on 
the details of the innovations implemented. The net change is not 
likely to be great. It should be possible to design the innovations so 
that there would be no significant change. 

O ther considerations. Development of the new equipment and landii- 
aids would require a moderate lead time for implementation. No compati- 
bility problems are anticipated with the existing aircraft fleet. The 
innovations can be easily introduced at existing airports, and ground- 
based equipment can be provided selectively at busy airports. The bene- 
fits from improved aircraft instrumentation occur only at the busy 


airports while the costs are spread over all use of the aircraft, and 
these benefits increase incrementally with the introduction of the 
instrumentation into the fleet, giving low initial benefits and slow 
buildup. The full benefits from ground aid improvements occur at a 
given airport as soon as the facilities are operational. 

RUNWAY EXIT AND ENTRANCE DESIGN 

Objective 

In its most simplified form, the landing process may be character- 
ized as a phase of deceleration in the air from approach speed to touch- 
down speed, follow-a ‘ by touchdown and deceleration to exit speed, then 
taxiing on the runway to the first available exit. In actual practice, 
the pilots frequently anticipate the exit location somewhat and 
decelerate rapidly to a speed higher than exit speed, taxi to their 
chosen exit at a reduced deceleration rate, then increase the decelera- 
tion to reach exit speed as they approach the exit. This reduces runway 
occupancy time, but still involves a period during \riiich the aircraft is 
essentially taxiing rather than decelerating, and hence occupying the 
runway while not in fact using it for the purpose of making the transi- 
tion from flight to taxi speed. 

In the take-off situation, the aircraft taxis onto the runway, 
often from a stationary position holding clear of the runway, executes a 
sharp radius turn to line up with the runway, then power is applied and 
the take-off roll commences. Frequently the engines are run up to full 
power before the brakes are released, either because of runway length 
constraints or for the crew to check the engine performance. During the 


maneuver into position and engine run up, the runway is occupied without 
being used for the purpose of accelerating the aircraft to flying speed. 

The above processes suggest three potential ways to reduce runway 
occupancy time: 

0 Position exits to pernit continuous deceleration to 
exit speed, eliminating the time involved in taxiing 
on the runway. 

e Design exits to permit higher exit speeds, reducing 
the time spent decelerating on the runway. 

e Design runway entrances to permit initial acceleration 
to. .take place off the runway and before runway occu- 
pancy commences • 

The ideal exit configuration would provide a continuous exit over 
the full length of the runway (or at least over the central portion), 
designed so that aircraft can negotiate the exit at high speed with oax- 
imum choice of exit path. Today, exits are located at discrete inter- 
vals and exit design speeds are limited by cost and otter considera- 
tions. The objective of the improvements described in this section is 
to attain some of the benefltf. of the continuous high-speed exit, while 
still using discrete exits. 

Exit design and location 

The subject of the design and location of exit taxiways has 
received considerable attention over the years. Various methods have 
been developed to determine the appropriate location, and standard 
designs have evolved. Much of the existing planning and design criteria 
rely for their validity, however, on observations conducted in the past 
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on a somewhat different aircraft fleet. As the aircraft fleet evolves, 
the characteristics of the new aircraft may require changes in the 
existing standards. 

The following three changes represent areas where a revision of the 
present standards may achieve reduced runway occupancy times; 

a Revised criteria for the location of exit taxiways in 
the light of aircraft fleet characteristics and exit 
design. 

o Establishment of adequate clearance criteria between 
the runway and the circulation taxiway system to per- 
mit an aircraft exiting at high speed to safely come 
to a stop before reaching the circulation taxiways. 

• Changes in the design of exits, fillets and taxiway 
geometry and grading to encourage higher exit speeds 
and the matching of exit radius to the aircraft types 
using those exits, together with associated improve- 
ments in exit marking and lighting. 

Runway entrance design 

The use of high-speed runway entrances has already been initiated 
in the existing environment by some airlines which use the high-speed 
exits in the reverse direction at certain airports. However, these 
exits have not been designed for entrance traffic nor have they been 
located in the optimum position from the standpoint of reducing depar- 
ture runway occupancy time. Therefore, new criteria are required to 
guide airport planners in providing such high-speed entrances. 

Evaluation 

The foregoing improvements represent complementary ways of achiev- 
ing direct reductions in rur.i ay occupancy time. Analysis of a typical 
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runway configuration and aircraft performance was undertaken to deter- 
mine the effect of relocating exits to the optimum point for a 40 knot 
exit speed, the use of 60 knot and 80 knot exit speeds, and the use of a 
continuous exit with an 80 knot exit speed. 

Benefits. Relocating exits appears to give runway occupancy reduc- 
tions of up to 9 seconds. Use of increased exit speeds could reduce 
runway occupancy by 17 to 24 seconds, while the use of a continuous exit 
could result in up to 30 seconds reduction. These reductions in runway 
occupancy give a corresponding increase in runway capacity of up to 8X 
at a typical airport with typical aircraft mix. There may be some addi- 
tional benefit from the reduction in aircraft operating costs through 
reduced braking and power use. 

Costs. Capital requirements consist of new construction at major 
airports, and are likely to be quite moderate. Operating costs are low, 
consisting only of the incremental maintenance. Research and develop- 
ment will be required to develop and validate the new design criteria. 
The costs of implementation will be low, involving the promulgation of 
advisory materials. 

Impacts. There may be a small improvement in safety as a result of 
more efficient runway operations, and a possible slight improvement in 
passenger comfort as a result of better aircraft handling on the runway. 

Other considerations. Moderate lead time would be required to 
develop new criteria, with relatively small R&D costs. Funding pro- 
cedures for major airport development are already well established, 
while major costs need only be incurred at those airports where 
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significant benefits occur. There appear to be no compatibility prob- 
lems with the existing aircraft fleet, although potentidl difficulties 
may arise in applying criteria at seme existing airports. The full 

benefits occur at a particular airport as soon as the new criteria are 
implemented . ' 

HIGH DENSITY AIRFIELD OPERATION 

The airfield contains pavement for runways, taxiways, and aircraft 
parking; and spaces between the pavement. Host of the pavement is occu- 
pied for relatively short intervals which are generally followed by 
longer intervals of disuse. The spaces between the pavement are gen- 
erally unused, except in emergency. The relatively low utilization of 
the airfield is due to airfield design and operating standards which 
reflect accumulated experience and safety concerns. 

The objective of this package of innovations is to obtain airfield 
capacity increases (a) by obtaining increased use of the existing air- 
field pavement, and (b) providing additional pavement in part of the 
empty space on the airfield. Certain Engineering and Development Pro- 
gram products are required to obtain the greatest capacity Increases. 

This package of innovations deals with the issue of runway occu- 
pancy time by making available additional time "slots" on the airfield 
for aircraft to land and take off. The slots are dedicated times for 
sections of airfield pavement, and are provided either by better utiliz- 
ing existing pavement or on new pavement. This package of Innovations 
does not depend on changes in aircraft performance or other means of 
reducing runway occupancy time, but can provide additional benefits if 
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such reductions are available. 


Increased Use of Existing Pavement 

Gains in airfield capacity can be obtained fron increased us *5 of 
taxiways and runways. 

At most large airports, taxiways are constructed parallel to the 
runways to facilitate aircraft flow. In *nany cases, these taxiways can 
be used as runways for certain classes of aircraft, normally small air- 
craft of 12.500 lbs or less. Removal of these small aircraft from the 
runways permits increased use of the runways by large aircraft. For 
example, a small aircraft will normally take some 20 or 30 seconds of 
runway occupancy time. Diversion of this aircraft to a taxiway opens up 
a runway slot for use by large aircraft arrivals or departures. 

Several factors may constrain use of taxiways as runways. For 
example, the lateral separation between the taxiway and runway may not 
meet current minimum requirements for independent operation. In this 
situation, dependent operations can be used with advantage. 

In addition, the navigation and air traffic control systems may not 
have sufficient resolution to permit full use of the taxiway as a runway 
in instrument meteorological conditions (IHC). Pending gains in resolu- 
tion that may result from the FAA Engineering and Development Program, 
two means of use of the taxiway are available. First, small aircraft 
that can fly below cloud cover (for example in weather with 900 feet 
ceiling and 3 miles visibility) could conduct an approach by visual 
reference. Secondly, the runway can still be used to alternate arrivals 
and departures that are synchronized with main runway operations. 
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U»e of „ ruowoy, 1, curr.nll, rootricted to doytlne 

oporotlon. ,„d „ o„.o further reotrlcted by r.,„lre..„t, to u», the 
tetl-oy for elroroft oirouUtlon tetweeo the runwyo end the ..r.r.ft 
perking eree. Each of theae constralnta can be aUe.lated by Inpleoen. 
tetlon Of hynaolc Airfield Seccorltatlon and Lighting (DASL). -he taxi, 
key «.,ld be fitted with appropriate taxiway. runway, and approach 
llghtd that can be controlled dynaolcclly l„ the control tower. The 
lighting could be uaed both In nlght-tlne and day-tloe to give clear 

guidance to traffic that the pavement la currently functioning aa a run. 
way or as a taxiway. 

The DAgL concept can alao be uaed to aaalat large aircraft to leave 
the runway at higher apeeca. High apeed exlta at many major airport, 
are not uaed at dealgn apeed becauae there la Inaufflclent dlatance 
available for the aircraft to decelerate on the exit to taxiing apeed 
and atop if nec.aaary before contacting ground control and entering the 
taxiway ayatem. Dealgnatlcn of part of he taxl.ay ayatem aa a portion 
Of the runway under the Jurladlctlon of local (tower, control would pro- 
vide the deceleration area, needed to allow ,lrcr,.'t to exit at dealgn 
apeed. paSL would provide the clear guidance needed to aircraft ard 
controllera that the area, wa, reaerved for exiting aircraft. When not 
reculr-d for an exiting aircraft, the dealgnated area could be ret ned 
to ground control and the lighting ayatem awltched to taxiway llchtl..,. 

ha. Of diapl.ced threahold, for arrival, and Int.raectlon take-off, 
or dlaplaced departure points for departure, also offer the potential 
for capacity gains. , displaced threshold re,„lrea aircraft to remain 


airborne over the runway until the threshold is crossed. The threshold 
could be located to miniaize arrival runway occupancy time by providing 
the optimal distance between the threshold and existing exits. In addi- 
tion, the arrival also travels more quickly to a distance down the run- 
way that would permit departures to enter the runway and commence take- 
off roll from the departure end of the runway. (This concept would 
require a rule change for large aircraft.) 

Intersection take-offs provide similar opportunities for capacity 
gains. Vith an intersection take-off, a following arrival can cross the 
landing threshold at an earlier time than would be possible for a depar- 
ture from the runway end. (The 2-nile IFR departure/arrival rule and 
the 6000 feet and airborne** departure runway occupancy rule are satis- 
fied more readily). Vhile not a necessary condition for satisfactory 
operation of displaced thresholds and intersection take-offs, use of a 
r\SL system to dynamically adjust; take-off and landing points could pro- 
vide additional benefits. 

In IMC, full advantage is not taken of all runways at most air- 
ports. If the separation between parallel runways is less than speci- 
fied standards, then the two runways cannot be used independently. In 
addition, independent instrument approaches to converging runways ' are 
not currently permitted because of concerns about simultaneous missed 
approaches. These constraints on the use of the terminal area airspace 
put extra pressures on the runways that are available for use. Products 
of the FAA Engineering and Development Program have the potential for 
alleviating these constraints and obtaining fuller utilization of the 
existing runways. For example, the additional accuracy and reliability 


of the Microwave Landing System (MLS) offer the potential for reducing 
the required separation between parallel runways for certain classes of 
aircraft and for providing precision departure guidance for simultaneous 
mi'^sed approaches. 

Addition of New Pavement 

Gains in airfield capacity can also be obtained from provision of 
additional pavement for runways and taxiways. This additional pavement 
can be used in accordance with the concepts described above for existing 
pavement. 

Many airports have available space for the development of addi- 
tional runways. Environmental pressures from surrounding communities 
(and the difficult institutional process for approval of runway con- 
struction) have restricted airfield development at these airports. 
Close parallel and short runways present opportunities for development 
of new runways with the least environmental, land use, and economic 
impact. 

Additional exits and entrances for existing runways offer another 
means for reducing runway occupancy time. Locations and geometric lay- 
out should be tailored to site specifics to obtain the maximum benefit. 
Continuous exits and other exit layouts are discussed further in the 
Section on Runway Exit and Entrance Design. 

As noted in the discussion above concerning aircraft deceleration 
on the exit taxiway, • reductions in runway occupancy time can be obtained 
by using higher exit speeds and permitting deceleration off the runway. 
Even with Q*isignation of some taxiways to local control, the existing 


exit and taxiway geometry may not be adequate for higher exit speeds. 
New taxiway fillets, extra lengths of taxiway, and exit geometry modlfl- 
oatlons could permit the required higher speeds. 

Use of some parallel taxiways as runways may Increase the potential 
for congestion on the taxiway system. Additional circulation taxiways 
My facilitate the use of existing taxiways as runways by providing 
efficient connections between runways and taxiways that avoid the new 
taxiway-runway. 

Evaluation 

High density airfield operation provides the potential for higher 
airfield capacity both by allowing aircraft to exit from runways in less 

time and by providing more slots for landings and takeoffs on additional 
runways . 

Improvements in exit geometry and utilization could 
reduce runway occupancy time by 20 to 30 seconds, thereby Increasing IFR 
airfield capacity by up to 25 percent with today's ATC system. Addi- 
tional runways could double airfield capacity if located and operated 
effe'jtlvely. 

Capital costs for new pavement, airfield lighting equip- 
ment, and new navigation and landing aids arc likely to be substantial 
and require a major research and development program. Operating costs 
are moderate and constat primarily of facility and equipment mainte- 
nance. Implementation costs will Include pilot and controller training 
and famil: -ization with the new procedures. 


la gagfcat Although the existing facilities are subject bo more 
intense use than before with these innovaticns, they have been conceived 
so that there is no significant change in the level of safety, or in 
controller or pilot workload. The increased activity may lead to a 
potential adverse noise impact on the airport environs. 

Sl h er . ggns l dgra -tl ona, . The increase in the utilization of the air- 
field may lead to possible problems with taxiway congestion. Additional 
airspace may be needed around the airport. There may be potential local 
community opposition to additional pavement due to concerns over air- 
craft noise and the consequences of airport growth. 

INTEGRATED LANDING MANAGEMENT 

Qb.lecblve • ' • . . 

The underlying concept Pehlnd this package of innovations is that 
the operation of the final approach and runway should be considered in 
concert, and should be viewed in a four dimensional perspective. Air- 
craft on approach for a landing may be separated by a distance separa- 
tion; but more importantly, they should follow a prescribed path in time 
and space so as to maintain a specific headway over the threshold. This 
headway would be matched by the time required for runway occupancy, 
whether for the preceding landing, or that landing plus an Intermediate 
take-off. This headway is to be achieved provided that certain safety 
requirements are met along the final approach path. These requirements 
are currently expressed as separation (distance) but might Just as well 
be specified in headway (time interval) terms. There appears no reason 
to believe that adequate safety cannot be achieved through time 


separation with as much confidence as through distance separation. 

Time versus diatance separation 

It is essential for the operational modifications that would be 
necessary to Implement a four dimensional system in which headways and 
runway occupancy times can be matched, that aircraft separation on a 
time basis be accepted. To support this, a thorough analysis of the 
safety Implications and perceptions should be conducted. An operational 
investigation should also be made to determine what are the necessary 
procedural steps to achieve this change, assuming that the needed techn- 
ical innovations are available. 

Consider two cases, In the first of which aircraft are on a common 
approach path separated by 3 nautical miles and flying at 180 knots, and 
in the second of which aircraft are separated by 2 nautical miles but 
flying at 120 knots. In both cases, the headway between aircraft is 60 
seconds. Assuming a distance variability according to a normal distri- 
bution with zero mean and 1 nautical mile standard deviation for both 
cases, the collision risk at different distances along a 9 nautical mile 
common approach path can be calculated. Assuming no action by pilots or 
controllers to correct the separation alor;; the 9 mile common path, it 
can be shown that the Instantaneous collision risk at a given point is 
not substantially different in either case. Tt:e 3 nautical mile separa- 
tion is not necessarily safer than the 2 nautical mile separation if 
aircraft are flying at the higher speed. 

Another aspect of headway separation is the wake vortex problem. 
In the absence of wind, it can be said that the vortex will nob move 
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horizontally In any particular direction but will dissipate gradually in 
place. If this is the casCi then it would again follow that a time 
separation is appropriate for mitigating the risk of vortex turbulence 
problems, since it is time that is needed for the vortex to dissipate 
and not distance. Further investigation of the times required for vor- 
tex effect dissipation would be a necessary requirement for the imple- 
mentation of headway separation procedures. 


f The ;;oncept of Integrated Landing Management emerges as a major 

procedural change in the way runway systems are operated. The implica- 
tions of this concept go beyond runway occupancy time, but what is of 
^ direct concern to this study is that Integrated Landing Management may 

in fact be a prerequisite for realizing the full gains from reductions 
in runway occupancy times. The implementation of Integrated Landing 
^ Management (ILM) is essentially a procedural innovation, but it requires 

a number of technical innovations. Some of these innovations have been 
identified elsewhere in this study. 

^ The basic requirement is that for any given runway, and for a given 

set of environmental conditions prevailing at any moment, an automated 
system is used to calculate the anticipated runway occupancy time for 
^ landing aircraft. This calculation will be based on the available exit 

locations and designs, and on the capabilities of the aircraft. On the 
basis of calculated runway occupancy times, the appropriate headway and 

* approach speed between landing aircraft can be determined. The stream 

of landing aircraft is then controlled in such a way as to achieve these 
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operating conditions as closely as possible. The intent of ILM is to: 

• Determine the minimum runway occupancy time possible 
under a given set of conditions. 

e Determifie the appropriate headways consistent with the 
runway occupancy time in order to maximize the utiliza- 
tion of the runway. 

e Exercise the control necessary to achieve the operat- 
ing parameters thus determined. This control can be 
exercised provided that pre-specified safety separa- 
tion standards are nob violated. These standards 
could be in the form of distance or time, and would 
include the necessary buffers usually provided in 
order to allow for random fluctuations. 

• In order to develop the capabilities of ILM, the follow....g system 
requirements are identified: 

Automated Headway Disnlav (AHP): The main premise of the concept of 
Integrated Landing Management is that flight safety rules might be 
specified in headway berms. Maintaining a planned headway between air- 
craft at the threshold follows from the attempt to match these headways 
with the required runway occupancy times in order to optimize the utili- 
zation of the runway. The capability to automatically display the head- 
way between pairs of aircraft both on airborne instrumentation and in 
the air traffic control positions would greatly enhance the ability of 
pilots and controllers to maintain planned headways. It would signifi- 
cantly Increase controller workload to implement traffic control rules 
on the basis of headways without a headway display technology. 

The basic version of AHD would consist of a display of the headway 


between every aircraft on the final approach and the preceding aircraft. 
After the precedinc; aircraft crosses the threshold, the display would 
show the time to the threshold. Additional information could be built 
into an upgraded AHD in which both the actual, and an ILM-generated tar- 
get headway are both displayed. This may further reduce pilot and con- 
troller workload in implementing Integrated Landing Management. Speed 
control can be exercised considerably more easily with the upgraded AHD. 

Real-_time_Alrcraft _P_rofile_aenerator (RAPG ) This system would 
develop the capability for online computation of the path to be followed 
by each aircraft in the stream. The general scheme for doing this could 
follow a procedure such as shown in Figure 4.5. Starting with a given 
runway and its set of exits, the appropriate exit speed is determined. 
For a given aircraft in the stream a calculation will then be performed 
to determine simultaneously the approach speed and the deceleration pro- 
file that would result in the minimum service time Including runway 
occupancy and headway. If this profile is feasible, then the aircraft 
trajectory is defined and its location (in time and space) within the 
approach stream is decided. If It is not feasible, then the next exit 
is selected, and the process repeated. This procedure will be done 
automatically for all aircraft in advance of their entry into the final 
approach, so as to minimize the need to change aircraft trajectories 
after that point. 

The possibilities for optimization with this system can be signifi- 
cant and the potential gains in capacity, and reductions in runway occu- 
pancy time, justify. the necessary further research. 











Evaluation. In order to obtain a preliminary assessment of the 
potential benefits that can be achieved with Integrated Landing Manage- 
ment, two cases are investigated. In the first case, the determination 
of appropriate headways between landing aircraft in order to match run- 
way occupancy times Implies that separations of less than 3nm may occur 
in some cases. In the second case, no separations are less than 3nm. 

Caaa 1; in this case we postulate a stream of landing aircraft that 
have a minimum approach air speed of 125 knots, and an exit speed of UO 
knots. This stream could be of DC-9 or B-737 type aircraft. The rela- 
tionship between approach speed and runway occupancy time to 40 knot 
exit speed is given by Figure 4J0, based on a simple computer simula- 
tion. In order to assess the potential benefits from ILM we postulate a 
baseline ooerating situation where the aircraft are approaching at 130 
knots, separated by 3 nautical miles. We postulate no wind so that 
airspeed and ground speed may be used interchangeably. In a landings- 
only situation, the headway between the aircraft will be 33 seconds and 
the hourly capacity of a runway would be 43 landings. If we were to 
compute the appropriate headways between aircraft in such a way as to 
match runway occupancy times, as was demonstrated in Figures 2.5 and 

2.6, and as would be done under ILM, ■ then the results given in Table 4.2 
would be obtained. 


In Table 4.2 the headway is chosen to match the runway occupancy 
time at the approach speed Indicated. This runway occupancy time con- 
sists of the time from the threshold to the exit speed of 40 knots plus 
10 seconds for exit maneuvering. It can be seen from the table that it 
would be desirable in this case to increase 


approach soeeds, as much as 
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Table U.2 


Effect of Approach Separation on Runway Capacity with ILM 

Landings Only 


Separation 

(nm) 

Approach Speed 
(knots) 

Headway 

(sec) 

Caoactty 
(a/c per hour) 

3 

. 163 

67 

• 51 • ■ 

2,5 

1M6 

61 

59 

2 

132 

53 

66 

• 


Effect 

Table 4,3 

of Approach Separation on Runway Capao 
Mixed Operations 

ity with ILM 

Separation • 

Approach . 

Occupancy 

Headway 

Capacity 


Speed 

Time 



(nm) 

(knots) 

(sec) 

(sec) 

(a/c per hour) 

4 

137 

56 

106 

63 

3,5 

124 . 

51 

101 

71 

3 

112 

46 

96 

75 




practicable, in order to achieve higher capacities. The capacity gains 
vri.ll be of the order of 26J at 3 nautical mile seo'^ration; 31 % with a 
2/5 nautical mile separation, and 58$ with a 2 nautical mile separation. 
These benefits can only be gained if the indicated approach speeds were 
feasible. While it is unlikely that 163 knots is a practical operating 
speed over the threshold, the Inference is that any increase in speed is 
likely to result in benefits. These benefits are achievable with ILM 
without any of the innovations that could reduce runway occupancy tiue 
for any given approach speed. 

Case 2.5 In the second case we maintain the same aircraft mix, but 
we postulate a mixed ooeration with a departure intorleafec between 
every pair of arrivals. . The baseline for this case is assumed to be a 
landing stream with an approach speed of 125 knobs, and a separation of 
4 nautical miles. This gives a headway of 115 seconds between landings, 
and a mixed operations capacity of 63 operations per hour. Under ILM we 
can postulate reduced separations and seek to match the headways between 
landing aircraft with the runway occupancy times of a landing and take- 
off. The runway occuoancy time for a take-off is assumed fixed at 50 
seconds and the landing occupancy time is computed as in the previous 
case: time to 40 knots plus an additional 10 seconds for maneuvering. 
The resulting headways and capacities obtainable with ILM are given in 
Table 4,3. We can see that ILM will not necessarily resuH in an 
increase in approach speed. Indeed, a capacity increase of 19$ can be 
achieved by reducing approach speeds to knots, an maintainiJg a 
landing separation of 3 nautical miles for mixed operations. Smaller 
reduction in separation (to 3.5 n,m.) together with essentially no 
change in speed (124 knots) will yield a 15$ increase in capacity, 


increase in speed with the baseline separation of 4 nautical ailes will 
yield a capacity increase of 8)!, 

These two cases demonstrate that considerable capacity iaproveaent 
benefits can be achieved by iaplenenting an ILH system. The exact aai?- 
nitudes of these benefita cannot be determined without detailed 
analysis. However, it is likely that at least 10* increases in capacity 
are possible without drastic changes in procedures, and that with full 
implementation of an ILK program, the benefits could be much greater. 

This analysis shows that the advantages of ILK do not necessarily 
stem from a reduction in runway occupancy time. Indeed, in a situation 
where the approach speed is increased, occupancy tine is also increased. 
The important thing is the matching of occupancy times and approach 
headways. The potential benefits from runway occupancy time redueticns 
ca(i then ho fully achieved. 

Co3t3e Capital coats for acquisition of the necessary associated 
computer equipment will bo moderate and operating costs limited to 
maintenance of the equipment. A substantial research, engineering €uid 
dsvelopcsent program will be required to develop the details of the sys- 
tem. Implementation involves significant changes to \HC rules and pro- 
cedures, with the associated costs of consultation, testing, approval, 
familiarization and- training. 

I^^acts. There is no evidence to suggest any adverse safety 
impacts from the procedural changes. There is the possibility of some 
increase in pilot and controller workload as the requirements of the 
oyt'tcm become more. clearly defined. 
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Other conalderationa* A major procedural change such as ILM may 
require a long load time for implementation* There are no compatibility 
problema with the existing aircraft fleet since all the equipment is 
ground-based* The procedural changes could be made relatively "tran- 
sparent” to the pilots, so they would not need to know whether ILM was 
in force at a particular airport. The coots need only be incurred at 
those airports where the benefits would justify implementation , and the 
full benefits would be obtained immediately upon implementation* 

i 

PROMISING ITHTOVATIONS 

Although the six packages ideritified in the previous section all 
appear to give significant benefits in reducing the constraint of runway 
occupancy on capacity, they clearly involve very different levels of 
cost and other impacts as well as raising very different implementation 
questions* The development of the necessary equipment and procedures • • 
would also require different amounts of load '...-.e* Thus, some of the 
innovations nay be considered to bo long-term measures, while others 
offer the opportunity to obtain runway occupancy improvements in the 
shorter term* 

Short-term measures* 

Short-term measures are onsidered to be those that could be imple- 
mented within the existing airfioid geometry anc with the existing air- 
craft fleet, without requiring major changes to existing procedures 
either for air traffic control or aircraft operation. For reasonably 
rapid deployment of ne^i technology associated with these measures, the 
capital costs involved should preferably be able to be net by existing 
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programs, such as the Airport Development Aid Program or the PAA'a 
Engineering and Developnent Program. A number of innovations within the 
packages appear to offer significant benefits in relation to the 
resources required for their implementation. 

Im proved pilot and controller information. Several equipment 
developments could offer substantial assistance to pilots and controll- 
ers, particularly 

a Aircraft deceleration profile guidance (ADPG) 

e Automated headway display system (AHDS) 

a Aircraft runway performance prediction (PPP) 

a Automated departure release and go-around advisory 
system (AITTOGOAD). 

The ADPG consists of micro-processor and airfield lighting switch- 
ing technology which could be developed relatively quickly, and imple- 
mented on a progressive basis at critical airports. It is not even 
necessary that pilots understand the system (although it is almost 
self-educating) since if they ignore it. the resulting runway perfor- 
mance is no worse than before. The automatic data links between the 
aircraft and the system (using transponders, DABS, etc.) could 
be implemented as a later refinement, as airlines or the FAA feel it 
justified, to reduce pilot or controller workload. It would not matter 
if only some of the fleet wore equipped with the special transpondera, 
since those aircraft would gain the benefit of the reduced workload, and 
the other aircraft would be unaffected. 

The AHDS and RPP are aoftware developments that could be 



inoorporabed into tha ARTS softwarOf wltH control towar display Bonitors 
to assist tha local controllars* Tha autoBatad departure release and 
go^around advisory systaB could be based on a dedicated sicro^processor 
with readout in the tower cab, receiving real»tiQe input from the ARTS 
coaputer and ASDS radar. 

Runway exit and ent.r?.nce design. The sodification of manway exit 
and entrance taxiways represents a class of measures that could be 
implemented on a highly airport- specific basis, where the existing air- 
field geometry permits aixd where Justified by the expected benefits. 
The necessary construction costs should be well within the capital works 
budgot ef a major airport authority and are likely to be eligible under 
Federal airport aid programs. However, airport planners will require 
design guidance beyond that currently provided by the FAA Advisory Cir- 
culars and existing airport planning literature. This guidance should 
address 

• Exit taxiway location 

• High-speed exit and taxiway geometry 

• High-speed runway entrance taxiways. 

Exit taxiway locatiun criteria contained in the existing FAA 
Advisory Circulars do not reflect the varying performance and opera- 
tional eharaeterlstics of the particular aircraft fleet using a specific 
airport. Further- research is required to better specify these criteria 
in situation-specific terms and to develop the appropriate design aids. 

Tliere is ample evidence that „he present air carrier fleet are not 
using the existing high-speed •/';its In the manner intended in their 


design, while experience in Japan with a substantially modified design 
Indicates that high-speed exits will be used if properly designed and 
located. There have also been recent empirical tests in the United 
States of alternative exit geometry. The results of these tests and 
this experience needs to be consolidated in the form of specific design 
criteria and appropriate design aids. 

There are currently no design criteria for high-speed runway 
entrance taxiways. A program of research is required to develop the 
necessary design guidance to permit airport planners to determine where 
such entrauice taxiways might be beneficial and how to design them. 

Although all three measures noted above require further research 
before they can be implemented , this does not necessarily imply a long 
lead tine before the first implementation. Not all airports will be in 
a position to commence construction at once, or find it necessary to. 
Preliminary research to establish tentative criteria for the first pro- 
jects could be completed I'' under a year. The important point is that 
the research be ongoing, and include adequate funds to monitor the per- 
formance of the new projects no that the design criteria can be refined 
and improved with experience. 

Pilot and airline motivation. The present system of pricing the 
use of the scarce runway resource in times of congestion provides little 
incentive for pilots to strive to reduce runway occupancy, or for air- 
lines to establish procedures to encourage their pilots to do so. The 
local control request "Exit at first opportunity, company traffic on 
short finals" Is known to encourage an early exit— the pilot is well 
aware of the cost to the airline of a missed approach. The 
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formalization of these eeonooio incentives could load to a much more 
efficient utilization of the runway capacity. 

Since during periods of heavy traffic, available runway time Is the 
scarce resource, objectives of economic efficiency and maxloun utlllza~ 
tlon will both be served by charging airlines for the time they occupy 
the runway. Such economic incentives will encourage airlines to develop 
operating procedures for early exit and prompt departure. Airlines 
operating smaller aircraft can take advantage of the shorter take-off 
and landing distances by making intersection take-offs and moving the 
touch-down point closer to the exit. These alrli' as will be encouraged 
to press for special-purpose runways and perhaps differential approach 
paths and threshold positions. 

It Is to be anticipated that many airlines may oppose such a radi- 
cal change In pricing airport services, out of conservatism or because 
they receive a hidden subsidy by the present system. However, improved 
runway utilization ultimately benefits all users of the runway system by 
reducing delay costa, or permitting additional operations that would be 
denied by an arbitrary allocation of runway "slots". It is therefore 
necessary to perform a more detailed assessment of the benefits to be 
derived from such a pricing system In comparison to the hidden costa of 
the present system, so that Implementation discussions with airlines and 
pilot groups can proceed on the basis of an evaluation of the facts as 
they appear to the various parties. 

Longer- term measures 

In the longer term, major improvements could bo implemented In the 
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aircraft fleet. In the procedures used to manage the flow of traffic 
through the final approach airspace and onto the runway, and in the air- 
port configuration. Those improvements have much longer lead times than 
those discussed in the previous section because they require substantial 
development of new technology, major changes in operating procedures 
that would require the agreement of different sectors of the industry 
and the retraining of ollots and controllers, or gradual replacement of 
the current generation of aircraft due to normal fleet turnover. How- 
ever, the correspondingly greater potential benefits justify a closer 
examination of these options and the Initiation of the necessary long- 
term research and development where the initial promise is borne out by 
a more detailed assessment. 

Improved short-haul aircra ft technology. The development of 
Improved technology targeted at the growing market for specialised 
short-haul aircraft could significantly improve their runway occupancy 
characteristics. This would not only reduce the Impact of increasing 
numbers of small aircraft on the conventional aircraft using the runway, 
but would increase their ability to utilize special-purpose runways, 
such as modified taxlways and portions of intersecting runways. Among 
the various improvements that could be considered, the most promising in 
terms of the anticipated benefits and the likely Implementation require- 
ments appear to be 

e Enhanced deceleration and acceleration 

e Enhanced exit turn capability. 

Enhanced deceleration can be achieved through improved braking, an 
increase in the available reverse thrust, and an increase in deployable 








aerodynamic drag. Improved acceleration could be achieved through a 
higher thru3t*to«weight ratio (which would also improve the available 
reverse thrust ), or the acceleration time could be reduced by Increasing 
the lift coefficient to reduce the lift-off speed. 

Enhanced exit turn capability would require improved steering and 
landing gear (which might also be required to permit improved braking) « 
while control stability problems could be addressed with active integra- 
tion of aerodynamic » steeringf and power controls. 

Integrated landinir managements. Maximum runway capacity under any 
prevailing set of aircraft performance characteristics will be achieved 
when the aircraft speed and spacing on final approach are balanced so 
that the headway across the threshold is equal to the runway occupancy 
of the preceding arrival and any intervening departures. Achieving this 
balance will require a major change in approach control procedures and 
the development of\bhe .necessary display and monitoring equipment so 
that the controllers have the necessary information to advise pilots of 
the speed to maintain on final approach. While such a control strategy 
can be applied on a first-come first-served basis* I'urther capacity 
gains might be achievable with optimization of aircraft sequencing. 

Further research is needed to develop the analytical tools to 
assess how the benefits vary with the aircraft mix and prevailing condi- 
tions and to establish the specifications for the necessary control 
equipment. 

Hijgh,denslty_jiirfleld operation. Various measures are possible to 
Increase the utilization of existing airport geometry. These measures 



include better control equipment to achieve multiple use of existing or 
new pavement and the addition of new pavement in parts of the airfield 
not currently being fully utilized. Among the more promising measures 
ve 

• Use of taxlways as runways 

• Dynamic airfield sectorization 

• Construction of close parallel or short runways. 

Use of conventional air carrier taxlways as runways for smaller 
aircraft has already been implemented at some airports, as has the use 
of part of conventional intersecting runways for intersection take-offs 
or stop-short operations. Further research is needed to identify other 
potential applications of these ideas, and to establish evaluation cri- 
teria to assess particular proposals. 

An increase in the number of operations within a given area will 
put heavier demands on the air traffic control system, and consideration 
should be given to better ways to assess the safety implications of a 
changed operating environment and to the development of better control 
tools. Dynamic airfield sectorization, using airfield lighting that can 
change color in order to clearly mark the current function of a particu- 
lar stretch of pavement, could permit a real-time modification of the 
airfield geometry to respond to changing traffic needs. 

Corblnablona of inn ovablons 

Thus far the innovation packages have been analyzed as coherent, 
yet Independent, strategies to reduce the constraint of runway occupancy 
on capacity. Just as the Indiv'dual innovations were combined into 



packages, so the Innovations in separate packages could be ce,«bined into 
a coherent progras. 

Several of the packages have strong interactions. Changing the 
operating charactorlstles of short-haul aircraft will change the 
requirement for runway exit design or alter the benefits and impacts of 
high density airfield operation. However, It should also be realized 
that while some measures are mutually supportive and may enhance the 
benefits to be derived from each, such as Improved pilot and controller 
information and Integrated landing management. In general as runway 
occupancy is reduced, the costs of further reduction will increase. 
Therefore the implementation process should be viewed as a program, in 
which measures are combined as appropriate to achieve desired improve- 
ments. 

This in turn implies that any further research should be pursued in 
the context of such a program, after particular innovations have been 
selected for further development. This selection process might require 
more detailed analysis than has been possible within the constraints of 
this study. 




5. COHCHJSION 


The previous chapters have identified a large number of individual 
Innovations that, separately or in combination, can contribute to an 
increase in runway capacity by modifying aircraft runway occupancy 
characteristics* These innovations have been subjected to a preliminary 
evaluation and then grouped into a set of coherent packages for further 
analysis* This chapter documents the findings that result from that 
analysis and identifies the additional research that must be performed 
in order to explore the feasibility of implementing particular measures* 

STUDY FINDINGS ‘ 

Although this study has concentrated on measures to change aircraft 
runway occupancy’ characteristics, it has done so in the context of the 
wider issue of measures to increase runway capacity* In the course of 
the research it became clear that there are at least four different 
strategies to increase runway capacity, and that they interact: 

1 * Improve the air traffic control system to give closer 
spacing on the approach path, and hence shorter head- 
ways over the threshold, without changing aircraft 
operating characteristics* 

2* Implement measures to reduce or eliminate speed or 
spacing differentials on approach, by using, for exam- 
ple, multiple approach paths with microwave landing 
systems (MLS) or wake vortex alleviation or avoidance*. 

5* Reduce runway occupancy times, either directly or by 
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pernitting multiple occupancy. 

4. Providing additional runways within the existing air- 
field configuration and increasing the number of 
approach streams. 

The fourth strategy is closely related to the third, in that such 
measures as close parallel runways, use of taxiways as runways for small 
aircraft, and use of non- intersecting runways are special cases of mul- 
tiple occupancy of the runway system. However, because of the very 
strict definition of "runway" in current ATC practice, it may make sense 

to consider these a separate strategy. It is clear that to fully Imple- 
mont this fourth strategy, improvements in the ATC system are required 
to permit aircraft streams to operate in such close proximity. 

The interaction between the first three strategies is illustrated 
in Figure 5.1, which shows the effect of changing arrival runway occu- 
pancy time on runway capacity under specified conditionsi It ia clear 
from the figure that with mixed arrivals and departures under current 
conditions, with today's ATC system and average runway occupancy times 
of the order of 50 seconds, neither changing spacing and speed differen- 
tials to create a homogeneous mix (aircraft all behave like B-727s) nor 
changing the runway occupancy gives much benefit. Improving the ATC 
system to reduce approach spacing bj one mile for each aircraft class 
gives approximately a 20 percent increase in capacity. However, if the 
average runway occupancy time is also reduced to 30 seconds, the benefit 
from improving the ATC system increases to a 2*j percent improvement in 
capacity, while changing speed and spacing differentials can produce up 
to a 20 percent improvement in capacity. If all three strategies are 
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iuplemented together, the iaproveoent could be as great as a 45 percent 
increase In capacity. 

Therefore it is a coabination of the strategies that gives the 
highest benefit. The first three strategies together give over twice 
the capacity improveaent of any one strategy considered alone' and nearly 
twice the iaproveaent of the best two strategies combined. The second 
strategy, on which a great deal of research effort has been expended in 
recent years, appears to be almost worthless in today’s ATC environment 
without the results of the third. 

It also becaae apparent in the course of th.^ study that the 
interaction between approach speed, aircraft spacing on approach, and 
the headway between aircraft arrivals at the threshold is extremely 
important. Runway capacity is the inverse of the average headway 
between aircraft. using the runway, therefore reducing the headway will 
Increase capacity. However, for a given spacing on approach, the head- 
way is a function of the approach speed. Thus if spacing between air- 
craft on approach Is the critical safety determinant, then headways can 
be reduced by increasing approach speeds, subject to runway occupancy 
constraints • 

Improving aircraft runway occupancy characteristics emerges as an 
essential prerequisite of ether measures to significantly increase run- 
way capacity. 

StratcKlea-Ior-xeaugliiK, runway occupancy 


Six promising packages of innovations emerged from the analysis of 


f 


Individual innovations: 

• Improved short-haul aircraft technology 

• Pilot and airline motivation and regulation 

• Improved pilot and controller Information flow 

• Runway exit and entrance design 
e Dense airfield geometry 

• Integrated landing management* 
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Analysis of these packages suggests that, under specified condi- 
tions, they would give increases in runway capacity ranging up to 10 
percent, or more. These relatively small capacity Increases are derived 
from substantial reductions In runway occupancy tine (ranging from 10 to 
30 seconds) that resulted from the improvement packages. Figure 5.1 
Illustrates this relationship. 

The packages giving the greatest reduction in runway occupancy time 
were runway exit and entrance design, followed by short-haul aircraft 
technology, with runway occupancy tine reductions of up to 30 and 25 
> J seconds respectively. Integrated landing management, while having no 

f direct impact on runway occupancy time, coad give Increases in capacity 

of the order of 10-»JO percent. 



In developing the various packages of innovations, the research 
Identified a number of improvements in aircraft technology or air 
traffic control engineering and development measures that either appear 
to offer significant benefits in reducing the constraint of runway 
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occupancy tine on capacity or are required aa part of a specific innova- 
tion package. 

Ai rcraft technQlPfnr I ffiorQYfiBftntn i. Changes in aircraft technology 
that would contribute, to reduced runway occupancy time involve measures 
to increase the deceleration and acceleration on the runway or to 
rapidly restore climb power in a go-around situation, measures to permit 
lower touchdown speeds, or measures to improve the low-speed handling 
characteristics during final approach and improve handling characteris- 
tics on the runway. Specific Improvcaents Include; 

• Increased thrust-to-welght ratio 

• Rapid engine spool-up from idle to climb power 

• Enhanced braking performance 

• Enhanced exit turn capability 

o Incheaae in available aerodynamic drag on final 
approach and roll-out 

o Use of airborne reverse thrust 

o Reduced approach and touchdown speeds xising STOL- 
technology 

• Use of active controls to reduce the airspeed/stall- 
speed margin during final approach or go-around. 

The concept of active Integration of the flight controls with the power 
settings and flap/airbrake deployment to Improve handling characteris- 
tics in critical situations can be used to avoid Inadvertent stalls 
under the tighter safety margins proposed, or to maintain stability on 
the runway, especially during high-speed exits. 
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t Due to the cost penalty associated vdth these oeasures it appears 

reasonable to target the!** Implementation toward short-haul aircraft, 
where the cn-route penalty is not such a significant proportion of the 
j total operating cost, and where the benefits to be derived from improved 

. performance on the runway occur more frequently. 

A IC ens i nfigr l ng and develnnpfnt reouirementw. Many of the- proposed 
innovation packages require or propose new technology to assist in the 
guidance, control and monitoring of aircraft on final approach or the 
runway itself. This technology Includes the following equipment; 

• Automated headway display system 

• Aircraft deceleration profile guidance 

' o Real-time aircraft path generator 

^ .Aircraft runway performance prediction 
« Dynamic exit lighting system 

\ 

e Dynamic airfield sectorization and lighting 

• Automated departure release and go-around advisory 
system 

Q Headway aircraft sequencing system. 

In addition the need for new or improved design criteria has been iden- 
tified for the following: 

• Exit taxiway location 

o High speed exit taxiway geometry 
o Continuous runway exits 
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• High speed runway entrance taxlways. 

Proaislng InnovaMoq;^ 

Many of the Innovations proposed are clearly long-tena measures, 
while others offer the opportunity to obtain runway occupancy improve- 
monts in the shorter tens. 

Short term measures that could bo 'implemented within the existing 
airfield geometry and with the existing aircraft fleet, and that appear 
to offer significant benefits in relation to the resources required for 
their implementation, include: 

• Improved pilot and controller information through the 

introduction of such developments as 

• Aircraft deceleration profile guidance 

- Automated headway display system 

- Automated runway performance prediction 

- Automated departure release and go*around advisory 
system. 

These developments could be implemented separately or 

as an Integrated package. 

• Runway exit and entrance design, Including 

- Exit taxiway location 

- High speed 3xit taxiway geometry 

- High apeed runway entrance taxlways. 

o Pilot pnd airline motivation through economic incen- 
tives to utilize the runway capacity efficiently. 
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In the longer tena» major improvements could be implemented in the 
aircraft fleet, the procedures used to manage the flow of traffic 
through the final approach airspace and onto the runway, and in the a>!> 
port configuration. Measures which appear to offer significant poten- 
tial for reducing runway occupancy constraints in each of these areas 
consist of: 

• Improved short-haul aircraft technology, especially ' ' 

- Enhanced deceleration and acceleration 

- Enhanced exit turn capability. 

• Integrated landing management, balancing aircraft 

speed and spacing to give maximum nmway capacity. 

• Dense airfield geometry, including 

- Use of taxiways as runways 

■ - Dynamic airfield sectorizatlon 

- Close parallel and short-runvrays , including use of 
part of conventional intersecting runways. 

The research has identified many promising innovations, and 
described the technology required to implement them. It is clear that 
much of the required technology does not presently exist, and that its 
development will require further research. As this section has indi- 
cated, the potential benefits from reducin’ the constraint of runway 
occupancy time on runway capacity are not only substantial, but essen- 
tial to realize the full benefits of other measures now being taken or 
planned to address constraints imposed by the current ATC system or air- 
craft operating characteristics. 










if* 

<» 


FURTHER RESEARCH REQUIREMENTS 


The objective of this study was to Identify as broad a range of 
potential innovations as possible, and to evaluate these innovations 
using infonaation obtained froo existing data sources on runway occu«> 
pancy. Given the resources available, the scope of this evaluation was 
necessarily limited. 

In the course of the project a rich data base was assembled from a 
number of previous studies. Those data were subject to exploratory 
analysis, but the limited resources constrained how ouch could be 
reduced and analyzed. Enough analysis was performed to realize that the 
runway occupancy process is still poorly understood, and that the data 
sources Identified are deserving of further study. At the same time it 
was also realized that the existing data was very weak in two important 
areas . 

1. The field data sources available had very little IFR 
or wet runway conditions. 

2. The data sources tended to concentrate either on the 
airborne or on the runway portion of the process, mak- 
ing investigation of the influence of conditions dur- 
ing the approach on the roll-out and choice of exit 
very difficult. Host of the principal data sources 
were strictly plan-position data, with limited height 
information. 

Given the limitations on the ability to model the landing process 
and the large number of innovations to be evaluated, the evaluations 
were based on some very general assumptions and arbitrary conditions. 
Further work oh each of the innovations needs to refine and elaborate 
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the concept, and develop a more detailed feasibility analysis. 

The following steps need to be performed in order to establish the 
feasibility of Inplementlng any of the innovations identified in this 
study: 

e Select priority packages for further development 

e Evaluate potential ben'^fits and impacts at selected 
airports 

e Develop estimates of development, implementation, end 
operational costs 

e Perform cost-effectiveness evaluation 

e Explore operational feasibility. 

Once the priority packages have been selected, it will be necessary 
to develop the concepts contained in the packages in more detail. 
Research nay be required to establish the technical feasibility of par- 
ticular aspects, and to develop the performance parameters to be used in 
subsequent analyses. 

The evaluation performed to date in this study has investigated the 
innovations in the context of a 'typical' airport. In order to assess 
the likely magnitude of benefits and impacts in practice, the innova- 
tions should be evaluated in the context of a selected number of major 
hub airports. These benefits and impacts can probably not be assessed 

without the Improved understanding of tho landing process described 
above. 

This study did not attempt to estimate, except in very general 
terms, the costs associated with developing, implementing, and operrtJng 




a specific Inncvatlon. Considerable further research will be required 
to be able to develoo these estimates. 

The cost-effectiveness evaluation will be based on the results of 
the previous two tasks. The exploration of operational feasibility will 
also have to be site-specific and olrcumstance-speelflc, and would 
Involve discussions with, and Input from, all Interested parties, such 
as airlines, pilots, airport authorities, airframe manufacturers, and 
government agencies. While preliminary discussions with these parties 
would be helpful to the conduct of any further research, It Is unlikely 
that substantive progress toward Implementation can be achieved until 
the detailed results of the previous analyses are available for con- 


sideration 
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Swtlon 2. APPL»CATION OF AIR TRAFFIC CONTROL SERVICE 


ia ATC 8ERVICS 

Provide &ir tra ffic control service in sccor* 
wee with the procedures and minima in this 
handbook except when: 

“ necessary to conform with 
ICAO Documents, National Rules of the Air, or 
spec^ agmmems where the United States 
provides air traffic control service in airspace 
outside the United States and its possessions. 
18 * Nou-Pilots are required to abide by FARs or 

other applicable regulations regardless of the applica* 
tjon of any procedure or minima in thi<^ handbook. 

^ Other procedu*es/minima are prescribed in 

a Letter of Agreement, an FAA or military 
document 

Ida. procedures may include altitude 

reservations, air refueling, and fighter interceptor 
operations. 

1 ^ Re«ff»ne*.-ProceduraI Letters of Agreement 


11. CONSTRAIhTTS GOVERNING SUPPLEf»1ENTS 
AND PROCEDURAL DEVIATIONS 

a. Exceptional or unusual requirements may 
dictate procedur^ deviations or supplementary 
procedures to this handbook. Prior to implemen- 
ting supplemental or any procedural deviation 
whi^ altcre the level, quality, or degree of service, 
obtam prior approval from the Director, Air 
Traffic Service. 

b- If mihtary operations are involved, it •'dll 
require the approval of one or more of the 
following headquarters as appropriate: 

U.S. Navy: CNO (OP-513) 

U.S. Air Force: AFXOOTF 
U.S. Army; Director, USAATCA— 
AeronauHcal Services 
Office (CCQ-ASO-AT), 
Cameron Station, 

AJ{Mcandria, Virginia 22314 

V‘i Headquarters USAP hv 

delegated tc major air commands authority to 
authoriM base commanders to reduce same runway 
separation standards for military aircraft. These are 
and approved by affected ATC and user 

units. When applied, appropriate advisories may bo 

“(Idsnt) continue straight ahead on 
nght Side; F- 16 landing behind on left." "Hdent) hold 
position on right aide; F-5 behind on left" 

cusp. 1 


12. PRCCEOURAL LETTERS OF AGREEMENT 

Procedurcs/minina which are epplied jointly or 
otherwise require the cooperation or concurrence 
of more tium one ^adlity/organization must be 
documented in a Letter of i>greement Letters of 
Agrwment only sugjplement this handbr sk. Any 
ninima they specify must not be less than that 
speafi^ herein unless appropriate military 
authorify has authorized application of reduced 
separation between mUitary aircraft. 

11 f*.*****..— 7210.3— 430, Lettert of Agreemrnt 

>13. USE OF MARSA 

a. MARSA may only be applied to special 
.nilitary operations specified in a l-etter of 
Ag^ment or other appropriate FAA o:' 
military' document. 

ia* Urta—Application of BIARSA is a militaiy com- 
ma-nd pi erogathre. It wffl not be invoked Ljdiscriminatcly 
by mdmduaJ units or pilots. It will ke u?-«d only for 
IFR operations requiring its use. Commaivls 
eu^nzing MARSA will ensure that its inqileroentaton 
tenns of use are documented and coorclinjued with 
tlw wntrol having junsdicDon over the area in 
whkh the operadons are conducted. Tenna ci uce will 
assign responsibiiity and provide for separation airon? 
Psuticqsatin^aircnxfL . ■ * 

b. ATC facilities do not invoke or deny 
MARSA. Tteir sole responsibility concerning the 
use of MARSA is to provide separation between 
mOitaiy aircnift engaged L MARSA operations 
and oier nonparticipatirig IFF aircraft 

14. MILITARY PRCCEDURuS 

M^tary procedures in the form cf additions, 
modifications, and exceptions to the basic FAA 
procedure are prescribed herein when a com- 
mon pn^ure has not been attained or to fulfill 
a sptdfic requiremenu They shall be epplied by: 

a. ATC facilities operated by that service. 

14.fi. CxfimpfGs.-— 

An Air Force fidlity providing service for an Air 
Fcto Base would apply USAF procedures to all 
traffic re^^ardJes* of 

A Navy facility providing service for a llaval .Air 
Station would apply USN procedures to all traffic 
regardless of cla«. 



r 


A-3 


I 


t 


» 


Nf» 4 


b. ATC faeilitiss, regardkss cf thdr parent 
•»i'eanizatlon (FAA, USAF, USN, USA), 
soppordns a desijnat^ mOitaiy airport ex* 
duxivelj. This desi^^oatioD determines which 
militaiy procedures ant to be appb'»L 
14a. 

An FAA fadliqr sapports a USAf’ Base exdo* 
tnrdy— USAF protores are applied to ah mine at 
that bate. 

An FAA fadlitT provides approach eontroS aerviee 
for a'Na\*al Air Sution as well as supporting a civit 
airport— Basic FAA procedures are i^Led at both 
loaitions by the FAA facility. 

A USAF facility cupports a USAF Base and pro- 
vides approach control service to a latt'Jite civilian 


niugsoM 1 

mm 

airport— USAF proeedura ara apdiad at both Iocs- 
tioos by the USAF fseility. 
lan. ri< iw n i»,- Ann ota t i o na, 8. 

c Other ATC facilities when spedfiod in a 
Letter of Agreement. 

14a. fnw(4«.— 

A USAF Unit b wdng a civfl a irport suj^rortod by 
an FAA facility— US<\F proceduret wiD be applied aa 
•pedfied in a Letter rf AgreaDent between the unit 
and ^;^s F^ facility to toa aacran « the USAT 
Unit. B as rc FAA proceduret wiQ be applied to aQ 
other aircraft. 
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Section 11- DEPARTURE SEPARATION 


1110. SAME RUNWAY SEPAHATtOn 

Sqttiate ft departing liirra/t from t pre* 
cedinjT departing or arriving iiircnift using 
the tame runway by ensuring that it does not 
begin takeoS roll until: 
uift Wake Turbuleajc, 1420 - 

a. The other aircraft has departed and 
crossed the runway end or turned to avert any 
conflict. If you can determine distances by 
reference to Euitabic landmarks, the other air- 
craft need only be airborne if the following 
minimuin distance exists between aircraft; 

<1) When only Category I aircraft arc 
invol ved— J, 000 /ert, 

(2) When a Category 1 aircraft is pre- 
ceded by & Category li aircnift--5,000 feet 

(3) When either the succeeding or both 
are Category II aircraft--4»f00/cc£- 

(4) \^en cither is a Category III air- 
craft— 0,0£X?/crf, 

Aircraft Categories areas foltowi: 
Ctxtfjcrry /— Lv:ht'Wc^htT p;rsoral- 

type propeller driven airtriJL (Does not in- 
clude higher perfonnsnee, lingic-en^pns sircr^ 
Euch as the T-2S.) 

i7— Light- twin engine, propeller 
driven lirtr^ weighing 12*500 pounds or Isss 
Eudi ss the Aero Cc-'nmindcr, Twin BeechenfL 
Deikv^liind Dove, Twin Cessna, (Does not in- 
clude such aircraft u a Lodesur, Lcmtar, 
orDC-a*) 

Cursory other iircrait auch as the 

, higher performance tingle-engme, Urge twin- 
en^e, four engine, and turtoiet aircraft. 
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tx A preceding landing ftircnft hai taxkd 
off the runwy. 



nil, INTERSECTiHO RUNWAY SEPARATION 

Separate departing aircraft from an aircraft 
using an intersecting ninw^ay, or noaintenect^ 
ing runways when the flight pzths intersect, 
by ensuring that the departure does not begin 
take-off roll until one of the following exists: 
nil, fUtowa-Wske Turbulence, 142S. 

a- The preceding aircraft has departed and 
passed the intersection, has crossed the depar- 
ture runway, or is turning to avert any cen* 
flicL 
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H. A preceding urmn^Etrmitb^ 
tbt landing nmwi^jf conipletcd tbd buding roQ 
End bdd tfaort tb« intsncctioii, passed 
the intencction« or bm crossed over the depart 
turenmwoy- 
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111Z AWnciPATINQ SEPARATIOM 
Takeoff dearanee need not be withheld until 
prescribed separation exists if there is a 
reasonable assurance it will exist when the air^ 
craft starts takeoff rolL 

^ 1113* INTCnSECTION TAKEOPF SEPAAATION 
lu Separate a Cate^ry I or II aircraft tokmu 
off from an intersection on the Kune Timwey 
(same or opposite direction takeoff) behind a 
preceding departing nonheavy Category HI air- 
craft by ensuring tiiat it does net start takeo3 
roU until at leas: S minute$ after the Category 
in aircraft has taken off- Inform an mrerait 
when it is necessary to bold in order to provide 
the required S^mirmU interval 


rtiEMs exa 4 ' 
inisi 


HOLD FOR WAKE TURBULENCE, 
b. mtcrvaiisnotreqiiiredwbon: 

(1) A pilot INITIATEO a request to 
deviate from that interval or 

CD VSA/VSAF NOT APi^UCABLE. The 
intersection is 500 feet or loss from tbo dq)or- 
ttne point of tbo preceding fibcnift imd boidi edr* 
craft are teJdng off in the mine dircebon. 
iiiaaro rcqsi«t for takeoff do« not 

a wjjvcr rwjKt; the request for takeoff most be 
accQirplhhed ty a reqoM to demte irom tbt 
mtcrval 

a When applying the provisions of h: 

(1) Issue a wake tin^cnce advisory before 
dealing the aircraft for takeoff. 

(2) Do not dear the intersecticn departure 
for an immediate takeoiL 

(3) When applying b. (1) or bu (2) abovet 
issue a dcarance to permit the trailing aircraft 
to deviate from course enough to avoid the fiiglit 
path of the preceding nonheavy Category HI 
departure, 

(4) Geparatfon requtrementft in accordance ; 
with i110Ln*niust also £|Jpiy, 

iiia PMstttn9.^Visk^ 9U; Icimaction 

Tfikeaif, SS3; Aircmft Ckiic^rnnas, Note; 

Intsrtccticn Departurs lirutTyt* 1434 {Kcary Jet). 

1114. OPPOSITE DiaECnOM fJlNtrJA 
Separate a Category I or H aircraft bshind a 
Donbtavy Category HI LircraXt taking oxf or 
mddng a low/miosed cpprocch wbm utilizing 
opposite directioii tdcGoffa on the same runway 
by S rrSmd£i uniesa a pilot has INITIATED a 
request to deviate from the j*mtnuie 
interval In the latter case, issue a wake tur* 
bulence advisory before dcaring the aircraft for 
takeoff. 

itu- request for tek^off doc* not initiate a 

waiver rt^est; ti« request for tnktoff msst be 
ccconip:\ni&d by a req^ert to deviate from the 
rdciL 

RaH»»tto*.^Wdte Turbulence* 911; Aircraft 
Categona* IU0.a_ Note; Oppodte Direction 
im {Heavy Jet). 

a. Inform an aircraft when it is neccs^iy to 
bold in order to provide the required 

citervd, 

Phre^t^o^: 

HOLD rOR WAKE TUrjIULKirCE, 

1115-1119- RESERVED 
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Section 12. ARRIVAL SEPARATION 


1120. SAME RUNWAY SEPARATION 

Scpante ca arriving aircraft from another 
aircraft using: the same runway by ensuring 
that the arriving aircraft does not cross the 
landing threshold until one of the following 
conditions foists or unless authorized in 1102^: 

a. The other aircraft has landed and taxied 
off the runway. Between sunrise and sunset, 
if you can determine distances by reference 
to suitable landmarks and the other aircraft 
has landed, it need not be clear of the runway 
if the following minimum distance from the 
landing threshold exists: 



(1) When a Category I aircraft is landing 
behind a Category 1 or 11—3,000 feet. 



1120aX>) BHisSrttSon 


(2) When a Category II aircraft is landing 
belund a Category I or 11— i, 500 feet. 
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b. The other aircraft has departed and 
crossed the runway end. If you can determine 
distances by reference to suitable landrrnrks 
and the other aircraft is airborne, it need not 
have crossed the nmway end if the following 
minimum distance from the landing threshold 
exists: 

(1) Category I aircraft landing behind 
Category I or II— d, 000 feet. 


(2) Category II aircraft landing bdund 
Cat^ry I or U— 5,500 feeL 

(3) When either is a category III air- 
craft— 0,000 /crt. 



I 3000 FEET ^ 

t-^ 4500 FEET 1 

! 6000 FEET 
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1121. INTERSECTING RUNWAY SEPARATION 

a. Separate an arriving aircraft u^g one 
runway from another aircraft using an inter- 
secting runway or a nonintersecting runway 
when the flight paths intersect by ensuring 
that the arriving aircraft does not cross the 
landing threshold or flight path of the other 
aircraft untO one of the following conditions 
exists: 

1121.*. at ( « * i n o». Wake Turbulence, 1425. 

(1) The preceding aircraft has departed 
and passed the intersection/flight path or is 
airborne and turning to avert any conflict. 
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(2) A preceding arriving aircraft has 
taxied off the landing runway, completed 
landing roll and will hold short of th*j inter- 
section /flight path, or has passed the iatersec- 
tion/fiight path. 



1121^^ C^i3tratioii2 


niOXSS CMO 2 
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b. USAF/USN NOT AJFPUCABLE. When 
approved by the fadiity chief in accordance with 
the provisions of 7210.3-1227, authorise 
simultaneous landings on intci*sccting runways 
only when the following conditions arc met: 

(1) The runway/s to be uied are dry and you 
have received no reports that braking action is 
less than good on both runuavs. 

(2) Operations are conducted in VFR condi- 
tions unless visual separation is applied to 
aircraft conducting simtdtaneous landings. 

(3) Instructions are issued to restrict one 
aircraft from entering the intersecting nmway/s 
to be used by another aircraft. Where opera- 
tional benefit is not a factor, restrict the landing 
aircraft in the lesser group from entering the 
intersection. 

(4) Traffic information is issued to and an 
acknowledgement received from both aircraft 
involved. 

(5) The measured distance from the landing 
threshold to intersection is issued if requested 
by either aircraft. 

(6) The condition's specified in (3), (4), and 
(5) are met at or before landing clearance is 
issued and in sufficient time for the pilots to 
take other action if desired. 

(7) Group 1 aircraft are operating in accor- 
dance with a Letter of Agreement with the 
aircraft operator/pQot or you sscertain from the 
pilot that it is a STOL aircrafL 

(8) The aircraft group is known (Apperdix 3) 
and the distance from landing threshold for the 
aircraft being instructed to hold short is in 
accordance with Facility Directives and 
diagrams. 

“After landing, taxi south on Runway One Eight, 
hold short of Runway Nincr Left'* 

“Cleared to land. Runway One Eight six thousand 
feet availabls, hold short of Runway 1 wo Two, traffic 
landing Two Two.” 

“Cleared to land Runway One Four Left traffic 
landing runway Cue Eight will hold sl>ort of Runway 
One Four Left” 

iinj). Nc?*,— If a pflot prefers to uss the full length of 
the runway or a runway different from that speafied, 
he is expected to advise ATC prior to landing. 
ii2i.b.(8) ncurcnca.— 7210.3-1227, Aircraft 
Group/ Distance Minima Table. . 


ChsnQe 


% 




r 



A-8 


t» niOM cm 2 

rii>» 

Section 7. SEA UNE OPERATIONS 


162a APPUCATION 

Where Sea Lanes are establislied and con* 
trolled, apply the provisions of this section in 
lieu of the procedures contained in Chapter 5, 
Seetkma 11 and 12. 

1521. DEPARTURE SEPARATION 

Separate a departing aircraft from a 
preceding^ departing or arriving aircraft using 
the same sea lane by ensuring that it does not 
commence takeoff until: 

a. The other aircraft has departed and crossed 
the end of the sea lane or turned to avert any 
conflict. If you can determine distances by 
reference to suitable landmarks, the other air- 
craft need only be airborne if the following 
minimum distance exi^ between aircraft: 

(1) When only Category I aircraft are 
involved— 1,500 yJret. 

(2) When a Category I aircraft is preceded 
by a Category II aircraft— 5,000 /eet 

(3) Wlien either the succeeding or both are 
Category II aircraft— 5,000 /ect. 

(4) When either is a Category III air- 
craft— 5,000 /cct 



1S31. Ne«a.— Duetothesbscnceofbrsldnf espabOity, 
caution should be exercised when instruedng a ikil 
plane to hold a position as the airoafe will continue to 
move because of prop generated thrust. Qcaranct.to 
taxi into position and hold should, therefore, be 
followed by takeoff or other dearance as soon as 
practicable. 

1522. ARRIVAL SEPARATION 

Separate an arriving aircraft from another, 
airci^ using the same sea lane by eamring 
that the arriving aircraft does not cross the . 
landing threshold untO one of* the following*, 
conditions exists: 

a. The other aircraft has landed and taxied 
out of the sea lane. Between sunrise and sxmset, 
if you can determine distances by reference to 
suitable landmarks and the other aircraft has 
landeri, it need not be dear of the sea lane if the. 
following minimum distance from the landixig’ * 
threshold exists: 

(1) When a Category I aircraft is landing 
behind a Category I or II— 2,555 /ecL 



1^2000 FT— 1 
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(2) When a Categoty II aircraft is landing 
behind a Category I or II— 2,555 /ceL 


1821.1. ChistrBttofil. 



1S21.a. E3uttraSon2. 


b. A preceding landing aircraft has taxied cut 
of the sea lane. 



[—2500 FT— I 
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b. The Other aircraft has departed and crossed 
the end of the sea lane or turned to avert any 
conflict. If you can determine distances by 
reference to cuiUble landmarks and the other 
aircraft is airix>me, it need not have crossed the 
end of the sea lane if the following minimum 
distance from the landing threshold exists: 
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(1) When only Cftvescry 1 »ircr*ft 

bmlv^^hSOOfesL 

(2) When either 5s » Category II 

tijttsA~~S, 000 fesU. 

(3) When either b s Category HI tir- 
cnA—€,000 fiet. 
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appendix b 


Extract from FAA Order 
Facility Operation and Administration" 
7210. 3E Change 5 10/9/80 
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(2) Iftbere is a STetem failure renderinF; the 
LLWSAS unusibie, notify Airway Fadiities 
and NOTAH Uie cystsm out of service. 

e. Airway Facilities is responsible for veriSca* 
tkm of the tssmej of the LLWSAS. Tbs local 
sector win notify Air Traide of any equ^ment that 
is out of tdennee. 

1223. RELAY OF RW/RVR VALUES 

•. Relay of RW/RVR values from the 
weather observing; fridlity to the control tower 
may be discontinaed at the request of the tower 
when there is no traffic activity at that specffic 
location. 

b. Establish relative priorities on the visibilify 
information at locations with two or more RVR 
or RW runways where data is required for two 
or more runways. 

1224. APPROACHINQ SEVERE STORM ACnvnY 

a. AT personnel sbaD monitor weather 
reports and radar to determine when severe 
storm acthrify is approaching a facility’s area. 

b. After coordination with the AT facilities 
concerned, AF personnel vriU place the fadlity 
on standby power; , Engine generators will be 
kept on until the storm activi^r has dissipated. 

1225. ADVANCE APPROACH INFORMATION ' 

Where more tlwi one position could issue the 
data, assign responsibility for issuing advance 
approach information to a specific position in a 
Fsdlify Directive. Display the information so 


that H is readily accessible to the controller 
having need for it. 


1228. ILS KEIQHT/OISTANCE UMITATIONS 

An ILS is normally flight checked to 4,500 
feet and 18 mOes for the localizer and 4,500 feet 
and 10 mQes for the glide slope. If nn opera* 
tional need to exceed these notations exists, 
inform FIFO and they will flight check the ILS 
to tho stipulated requirement Ensure that 
current flight check data are available to facility 
personnel 

1227. SIMULTAtlEOUr* LANDINQS ON K4TER* 
SECTINQ RUNWAYS 

a. Should a facility chief determine a valid 
operational need exists to conduct simultaneous 
landings on intcrsccfing runways, fridlity direc* 
tives, diagrams, and tables shall thm*. be 
prepared whirii direct the handling of these 
landings. 

b. Prepare an airport diagram showing the 
measured distance from runway threshold to 
the intersection *br the runway mvolved. 
Measure this dl.lanee from the bnding 
threshold to the nearest edge of the intersectihg 
runway. 

c. Aircraft groap/runway distance criteria 
shall be established using 7110.65, Appendix 3, 
and the following table: 


AntCRAFT GROUP/DISTANCE MINIMA TABLE 
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Lmfd 

$$$ 

hOOO 

2^79 

tooo 

1499 

S,000 

S^79 

2^999 

5JOOO 

S^79 

6,000 

e,9n 

7,000 

AboV€ 

GMtJPl 

\ fiSO 

uoo 

1750 

1,800 

1480 

1400 

U50 

2,000 

CRmjP5?l&2 

- 2.000 

3,050 

8,100 

3450 

3400 

3450 

3,300 

3450 

GROtIPS1.2.&3 

_ ^.£00 

4^ 

4,600 

4,650 

4.700 

4,750 

4,800 

4450 

GROm>S1.2.a.&4 

. 6 000 

6400 

6^00 

6400 

6,400 

6400 

6,000 

7,000 

CROUP31.2.a.4.&5. 

_ a .000 

WOO 

8,200 

8400 

8,400 

8400 

8,600 

8.700 

CRom>ai.2.3.4.B.asA 

a,Aoo 

8,600 

8400 

8,900 

0400 

9400 

9.700 

10.000 
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Appendix 3. AtRCRAFT IVEIGHT CLASSES AND GROUPS 


Man^fixtvTWTfMoM 

Tjjp^ D€eigttaior 
Civil JfilitarT 

W€%Qkt 

data/ 

Group 

A«mu(IJSA) 

Aeronc^ Champion . 

AR58 

sn 

Chisi/Super Chiet^ 

ABll 

s/2 

S«1m 

AB15 

5/2 

JUro spMtiM (USA) 

Guppy- 

AP52 

L/5 

Ti^rni nnpjiv 

AF3M 

L/5 

Prespeumt Guppy „ 

AP:J» 

U5 

Super Guppy/ 

Tuifaine,^,., 

AP2S/AP45 

L/5 

(France) 


S210 

V4 

Concorde 

CONC 

B/5 

Corvette SN601 

SfiOl 

LQ 

RaJlye 

MS 680/881/883. 

SSSO 

sa 

BaOye Commodore 
MS B92 . 

S892 

s /2 

lUUye Minerva 

MS 894 

SS94 

5/2 

AJjtuft Industrlw 

(International) 

Airfam 

A300 

H/5 

Aio«i^ iite. (US A) 

Aircopa A2 

F02 

S/2 

Andto TupoMv(USSR) 

Tta-m 

TUU4 

H/5 

Tu<144 

TU144 

B/5 

Anieifcui (US5H) 

AK-10 

ANIO 

L/4 

AN-12 

AN12 

L/5 

A<M(A.V.n«4(UJC.) 

AroATi 

AV52 

L/3 

CF-100._ 

CFOO 

t-'4. 


LANC 

U4 

Shflg^gtftn 

SUC3 

U4 

D«*o(* (U^) 


BTIO 

s/2 

MnA.1 goes 

BTGS 

S/3 

Akov A (USA) 

Airliner 

EE99 

S/2 

Baron.. 

BS05 T42 

S/2 

HnronSa 

BESC 

S/2 

RfiTvijm S3__ / 

BE33 

‘S/Z 

BonariTaSS 

BE35 

S/2 


WtiyU 



7\fpoDtoignaiar 

Clan/ 

ifan^/hctimn^odel 

OoU 

UiLUarji 

Cmp 


BESe 


S/2 

Duke 

BBGO 


S/3 


C276 


SO 

King Air &Q 

BESO 

xm 

S/2 

King Air 1£M) 

CElO 


S/3 

Mentor 

BS45 

T34 

S/2 

Queen Air fi5/A.65/70 

BS63 


SI2 

OuMnAirSS 

BECO 


sa 

Setniaoig 


U8 

S/2 

Siem24 

BE24 


S/2 

Sport 1? 

BE19 


sa 

Stoj^Wing ._._ 

BE17 


sa 

Sundowngr 

BE23 


sa 

Super Blfl 

BECS 


sa 

Super Kin^Air200_ 

BC20 


s/3 

Super Quf^RS 

BESS 


sa 

Travelair 

BE95 


sa 

Tvria B«ch 18, ,.,,^ 1 - 

BE18 

C4S 

sa 

Twin Bocama 

BESO 


sa 

CtCKKst AkmA 




(Indudea Downer/ 




Northern) (USA) 




Citahria 

CHIO 


sa 

Citnbria TEC A .,,,,- 

CH9 


so. 

Cruisair SrJCruise* 




mzster 14-19 , , , 

BU4 


sa 

Dacathlon . .. 

BL20 


sa 

Scant 

BL23 


sa 


BL26 


sa 

Bcaing AIrcnA (USA) 




707 10Q/2M 

B707 


L/5 

707 SOa/iOO 

H/B707 


B/5 

720 

E720 


1/5 

720B 

B72S 


US 

727 

B727 


Ui 

737 

E7r 

T43 

L/4 

747 

B747 

E4A 

B/5A 

747SP 

B74S 


H/5 

767 _ ._ _ 

B7G7 


H/5 

AWAC3 _ . 


E3A 

H/5 

EC135 


£135 

L/5 

Stefirman 

B75 


sra 

Stratofortres* 


BS2 

. E'5 

Stralo freighter 


KC97 

L/4 

Stratolifter B717 


C13S 

L/5 

3 tratotanker KC133 


KC135 

L/6 

VC27B 


C137B 

L/S 

VC37C 


C137C 

E/5 

ycu 


YC14 

L/4 

tA7U)4 AkcrrA (UJL) 




Brrtartnm5l0 

BB31 


iJs 


\. 








- % 


r 


C-3 


mojM cm 4 

Wit 




Typt Dai^nator 
Ciinl Miliiary 


Wtx^ht 

CUmi 

Group 


BAC 111 

BAll 


lU 

Harrier 


AV8“ 

VK 

HS/DH125-6OOnO0 

HS25 


U3 

HS743 Senes 

H5743 


U4 

Soper VC W 

BA15 

VC15 

m 

Ti-Ident 

HS21 


Ui 

Venmarfi . . _. .. 

VC9 


Vi 

VCIO 

BAIO 

VCIO 

H/5 

Vnmiiirt 

VC7 


Vi 

Volcan 


VLCN 

Wi 


®i*tton Koniwi LftL 

(Ujl; 

UUnder BN2 

Tri3bjider*MArk3_ BN3 

Cw*lHA*at«rAkvistl Corpi 

(USA) 

Bu3hin£Ster200Q_p BU20 


C«m«ir(USA) 

Mode) 4S0 CTwin 
Nivic n ^ - 

Yutcflt i 

CuutAlr Ltl (Coiud^) 

Argti^ 

Challen^ 

C^osmopolitan, (Con* 
vair 54 f>) 

North Star 

Starf!^htgr __.. _ 
Yidton (Freight* 

Kngr) . _ 

CccM Akrmtt (USA) 

120 

140 

150 

152 

170 

172 Sicyhawk 

175 Skylark 

177 Cardinal 

IBO. 

1S2 

185 SkywagDn 

1£3 Agwagon 

100 

155 . 

205 

20$ 


CL66/CV54 CC09 
NSTR 

CF04 F104* 


S/2 

S/2 

S ^2 

S/2 

S/2 

S/2 

S/2 

S/2 

S/2 

S/2 

S/2 

3/2 

S/2 

S/2 

S/2 


i/cn^/oiitirfr/3fodd 

207 Super SkywEffsn 

210 

S05/321 Bird Dog __ 

310 

313 

318E DrasonjDy_ 
a2QSkyn!gh t 
ageSkymaato* ■ 
337Suptr 
Skym^^to ■■ 

340 

403 

402 

413 

414 

42] 

443 

' Citation I/m__T 
Citation in 

Champion AtrenftCor^ 

(USA) 

Challenc:er 

Lanccr402 

Ttavder/Tri* 
Tmvckr 

Ctti£aWrt5«(USA)' ' 
CamnmidQ _ . 

OfttMWt (France) 
Falcon 10 

Falcon 20 

Falcon 50 

Mercore 

Mcrcare 200 

o«H«Y(tUfid (Canada 
AUiL) 

Bgaver . __ 

R iiffalfl 

CarOvau . . 

Chipmunk ^ , 

Comet C 

Cnmgt A ■_ 

DaahV 

Dovtf (Devon) 

Otter 

Turbo Beaver 

Twin Otter 

Doentar omM (West 

Germany) 

Domier 27 

Domier2fi 

» Cmbrear (Brazil) 

Eandcirante 


Typ9 D^sx^naloT 


Oou/ 

Croup 


C207 


S/2 

C210 


Stt 

C305 

01 

S/2 

C310 

U3 

S/2 


T37' 

S/2 


A3T 

S/2 

C320 


S/2 

C536 


S/2 

C337 

02 

S/2 

C340 


S/2 

C401 


S/2 

C402 


S/2. 

C4H 


S/2' 

C414 


S/2 

C121 


S/2 

C441 


S/2 

C500 


S/3 

C50S 


S/3 

CHS 


S/2 ' 

CH40 


S/2 

CH7 


S/2 

CW46 

C46 

VZ 

DAIO 


U3 

FFJ , 


vz 

DA50 


L/3 

DAOl 


L/5 

DA02 


L/5 

DH2 

U6 

S/2 

DH5 

C8 

L/3 

DH4 


L/3 

Dhl 


S/2 

DH62 


L/5 

DH64 


L/5 

DH7 


Lr^- 

DHIO 


S/2 

DHll 


S/2 

DH3 

U1 

S/2 

DH2T 


S/2 

DH6 

UlS 

S/2 

D027 


S/3 

D023 


S/3 

Elio 


S/4 









C-4 


mun cm • 

inm 



3\ip«I)eri;iiat9e 

Wtight 

CZoaV 


Ciml UiUlary 

Group 

FtavnW wwuiini# 

(USA) 

AlO 

AlOA* 

S/4 

Careen 

PA62 

S/2 

FH227 

FA22 

L/3 

Friendship F27,_ 

FA27 

1/3 

Flyinsf Box Car 

FA24 

L/4 

P^tus/Peaj^emaker 

PL6 AV23A 

S/1 

PmvidfiT 


3J4 

Tbundcpchicf __ 

F105* 

L/5 


PttfetarATPWBV 

(Netheriands) 

peeVFW-Fokker) 


r«4tl inlatiwMMt 


(USA) 



S/2 

ST/600 

FLJ 


ttaiaa taailal C«pL 

(USA) 

23 

LR23 


S/3 

21 

LR24 


1/3 

M 

LE25 


L/4 

SS 

LR35 . 


L/4 

as 

^LE36 


L/4 

OanMl Dinamlea Coep. 

(USA) 

Csnao/CataHna 

CV14 

PBSY 

L/4 

Cmi«sr240 

CV24 


L/4 

CflnirairdlQ 

CV44 


U4 

C^anrairSfiO 

CV68 


U4 

CjmvfLiT 600 

cveo 


L/4 

Convair640 ... 

CVG4 


L/4 

CnnvttirfiSO _ . 

CVS3 


U5 

nftmmir990 

CVS9 


L/5 

DdUDagK®r 


F102* 

L/5 

TVlta Dart 


F105* 

L/5 

F16Am 


F16* 

IV5 

.Flll/FBIU 


Fill* 

L/5 

Lincr/Sarnanm_ 

CV34 

C131 

U4 



P4 

L/4 

Valiant 34 

CV13 


S/S 


Qrnnkmtn A cnx pao 


Ccnx (USA) 


Ag-Cat 

G1C4 


S/2 

Albatroaa 

G64 

U16 

L/3 


AAl 


S/2 

Anicrican Tr^2 

AA2 


s/2 

Cheetahi'T)ser__ . 

AA5 


S/2 

HouCTir 

GA7 


S/2 

Coc^G93 


F3* 

L/5 

Goo Super Goose _ 
Creyhomyi 

G21 

C2 

L/3 

U4 

Oulfitrcajft I 

G159 

VC4 

L/4 

Gulfstrftun 11 

G2 

veil 

Lf4 

Havvkeye 


£2 

L/5 


N9* > 


W€i^ht 

TffpMDwignaio/r Gmf 

iS(M4atiMfrat<M CwU lliliUirTf Gmtp 


iBtmder 


A6* 

L/5 

MaAarH 

G73 


1/3 

UahaWk 

G134 

OVl 

S/3 

Tl-^ 


Fir 

L/5 

TonKat 


F14* 

L/5 

Ttm» 


El 

U4 

Tniirk«!r 

G89 

S2 

U4 

TrtrfiT 


Cl 

1/4 

'7^!^n/Super 

WidKeon 

. G44 


1/3 

it»dor^Bc«(UX) 

Jetatream 

_ HPIS 


S/3 


Ktfflibury«r FbQEMibMi 

(West Gennany) 

Haiaajet • W 

Kami Ion Avtatton 

(USA) 


Wp^twind 

_ wsw 


S/3 

K«Ao Alraratt Ca. 

(USA) 

Pjmn*t* 

„ HEl 


S/1 

Rtallinn 

- HE5 

AU24 

S/1 

Soper Couher/ 
’TACoprirr 

. HE3 

mo 

s/1 


Howart Am 


(USA) 


Model 500(WAEO). 

HW5 


L/4 

nyueMn (USSR) 


IL18 


L/5 


IL33 


L/4 

IL-62 

ILP2 


H/5 

IL-76 

IL76 


H/5 

Israel AbenN tndmtrfM. 

Ltd.(InaeI) 

AriLvalOl 

RVOl 


U3 

Arava201 

RV02 


L/3 

Westwindll23 

WV/23 


1/4 

Westvrindll24 

WW24 


L/4 

tafce Aknall (USA) 

LA-4-20O Boscaaeer 

LA4 


ST2 

(USA) 

TjKtrFMi 

LaektMMi APertn Carp. 

LRF 


S/2 

(USA) 

ConsUlIation (S49)_ 

L649 

C121 

U5 

Conattllation (7 4 9)_ 

L749 

H/5 

Flfvrm 

L1B3 


L/4 

GaIa.T7 


C5A 

H/5 



r 


c-s 



4 


iiam^uhawiiUodtl 

Tm X>aia.iaU>r 

Weight 

(Tjits/ 

Cnnl 

Militarjf 

Gfxntp 

• HereolM 

LIOO 

C130 

U4 

Jetstar 

L329 

C140 

VA 


3L18 


L/3 



P2 

U4 

Ori^'n. 


P3 

UA 

xtecoanaiwtcce 


SR71* 

US 

SemStar 


Tl* 

VS 

ShootiaySur 


T33*/F80* 

UA 

StarfSrhter 


F104* 

VS 

Starlifter. 


C141 

H/5 

Starfmer 

U64 


US 

Super ConsteDaHon 

U9 


US 

T^SCar. . 

UOl 


ws 

U2 ___ 


U2TE-1* 

S/5 

Vndnir 


S3A 

UA 

YF12A 


FIZ 

UA 


MMtin Co. (Division of 
ManinUari^ CaVn) 
(USA) 



Caabena 


M202 

M404 


LQ 

U3 

B57* LO 


lfMl4(USA) 

M4/5 ML4 so 


ak C on M iHtaMtfM 

A*w»ft(USA) 


DC-6B 

DC6B 

DC-7/7B 

DC7 

DC-6 

DC5 

DC-9 . 

DC9 

DC-IO 

FiClO 


Invader 

Liftmajur___ 

^ nee 

Phantom IT 


Seven Seas/Speed 
F^^hter__ D<?7C 
Sfcvhawk 

Skrmastef DC4 

Sk^gh t_ 

Skvraide r 

Skygain DC3 

Sfcvwarria p 

ScDerPCa --. DC3S 

Super DCS 30/40/50 H/DC8 
Super DCS 61/62/63 DCS6 
YC15 



L/4 


U5 


IV5 

C9 

L/4 


B/S 

F15* . 

L/5 

B26 

U4 

CHS 

L/4 

F4* 

L/4 


L/5 

■ 

< 

L/5 

C54 

L/4 

PlOl* 

L5 

Al* 

L/4 

C47 

LO 

A3* 

L/4 

C117 

LO 


H/S 


E/5 

YC15 

LO 


ttw«MdMim(West 

Germany) 

ISonsM UE29 s/2 


UlteuMtM (Japan) 

UU2 MU2 SO 


Ttl&ua CM 1 

fivn 


Akoiil O', 

(USA) 

T)fp9 Dmgnator 

Weight 

Cltuef 

CM ifilitery 

Gnmp 

MariflO 

MOlO 

Sf2 

Mark 20 

M020 

S/2 

Mark 21. . 

M021 

S/2 

Mark 22 

>1022 

Zt2 


Mai 4 aa Alranll Ca 

(USA) 


RangeMaater 

NAl 


S 2 

AHhon A*repUn* MI 9 ; C«. 
(Japan) 

Model YSll 

YSll 


LO 

Noenluyn HaMnwi 

(Canada) 

Nctseman MK (TV) . 

KY4 


SO 

Norseman MK(V)_ 

NY5 


&2 

NMAvtaiten (France) 

Martinet NC701/02. 


MART 

L/3 

Norfcits 25C1 


NORD 

LO 

Super Broussard- 

260062 

ND26 


vz 

Tmis?D Cieo 

ND16 


US 

HortfVQp(USA) 

. F 18 


PIS* 

L/5 

Talon 


T38* 

S/5 

Tigcr/Freedoni 

Fighter. 


F5* 

L/S 

ft Co. (Ttajy) 

EovaJ GuD 

P136 


S /2 

Super Gull 

P166 


S/2 

V^paJet. 

F808 


U2 

mta*Abtn(t 

(Swiasiiand) 

Matas Porter 

PL6 


sn 

Turbo Porter 

PL6A 


S/l 

i>k«tAir»n(US 4) 

Acroatar 

PA60 


s/2 

Aparhe 

P>23 


S/2 

Artec ... 

PACT 

ui: 

S/2 


PASS 


sri 

Cherok» 

PA28 


s/2 

Chrxk« Arrow (H) 

PAP.O 


S/2 

Chevenne .. 

PAVE/42 


S/3 

Chhitisi 

PA31 


S/2 

Ciipp^ 

PA16 


S/2 

Commanche 

PA24 


S/2 



CHO 4 

in/ti 





VTi^gkt 


Tm Dtewncior 

QcMcf 

UarnsifaetmrfModd 

CM 

Afilitoiir 

Gfwp 

Cnsbcr 

PAS 


sn 

CobSpodatl - 

PAU 


S/2 

flishTiTiirirr 

PA2 



Fftniily Cniiigr 

PAM 


Si2 

LasCO 

PA22T 


S/2 

N&nm . . _ 

PA31 


S/2 

Paiw 

PA20 


S/2 

P&WfM.. . 

PA2S 


S/2 


PA44 


S/2 


PASE 


S/2 

SgparCmisgf 

PA12 


S/2 

SaperCub. 

PA18 

U7 

S/2 

Tcmihawk 

PASS 


S/2 

Tri'PLc*r/Colt 




raTiKh«rt 

. PA22 


S/2 

Twin Comancht 

PA3«‘39 


S-2 

Vfjabond Tnioer _ 

PA15 


S/2 

Vt^ibond . _ 

PA17 


S/2 

A&tr A«oattr4e« (USA)- 




Model 6S/Kockrt _ 

RY65 


S/2 

TUrwE xecunv e-*. 

• RY40 


S/2 





(USA) 




Aero Commander 




112 ._ 

AC12 


S/2 

Aero Commander 




fA.^ 

ACS5 


sn 

Alt-Tniraer 

AC72 


S3 

Hmnm 


ovio- 

uz 

Buckeye T-20 ■■ 


T2* 

U5 

Couuiinder 1 12A _ 

AC2A 


S/2 

Coniimnder 112rC, 

AC2T 


S/2 

Commander Hi 

ACM 


S/2 

Co mmandcr ( 2 00} 

A«:20 


S/2 

<^mmiJidtr(500i 

AC50 


S/2 

Ccmnuinder (520) 

AC52 


S/2 

Commander (560)_ 

ACS6 

U9 

S/2 

Damer(\00/150)_ 

AGIO 


S/2 

Grand Commander 





AC60 


S/2 

Jet Commander 

AC21 


L3 


LARK 


S/2 

mtrh^n 


B25 

L/3 

KavSor . . 

N145 


S/2 

Sabre . 


FS6* 

U5 



T39 

S3 

Sabrelincr . . 

K2S3 


L/3 

Super Commander 




«££0S\ 

ACeS 

Vi 

S/2 

Super Sabre 


noo* 

VS 

Tejcan 

N6 

T6- 

S/2 

Trojan 


T2S* 

S3 

Turoo Commander * 

AC6T 


S/2 

W^%rtt0 


AS* 

L'S 


4 

Caw/ 

J!far^£ul1tf1nV3/M£<l Cira HiUtcnr (rroup 
(U J£.) 


Fioii*?r . 

SCP 


&f2 

TginPinnagf 

SCET 


r>a 

Mert(U.K.) 




BalfMt 

SH5 

5C5 

Ui 


SHD3 


U3 

Sfcyva/1 

SUT 


S/3 

etr«li«{USA) 




Luseomhe 

SL8 


sa 

tttftMn (USA) 




Reliant (Vuht«)_* 

srn 


sa 

Voyager/StatioQ 




Wi£oo(10S/10SU 

S77S 


SJ2 

MAti*«M(FnDoe) 





S2I0 


L/4 





(USA) 




MeriiBlIA . 

SW2 


Sira 

Mw+LnirR 

SW3 


s/3 

Hcrlin IV/M«ro _ 

SW4 


s/3 

Tty(«mn(U5A) 




Sportsman 19__ 

TC19 



Topper irO A 

TC20 


■ &’2 

Tcnri3tl5A _ _ 

TC15 


S/2 

vf>Yr>N to (West 




Germany) 




FH227 

FK22 


U3 

Friendship ,, 

FIC27 


L3 

Fellowship 

FIC23 


Vi 

VFW614 

VF14 


L/3 

Vo«c« (USA) 




Cnmirll 


A7* 

US 

CmMdrr 


F8- 

U5 

Swift 

TEl 


S/2 

HEUCOPTEftS 



4eiwati«i« (France) 




Lama 

HK15 


sn 

AJmujtiell 

liE30 


S/1 

AJoutte in 

imeo 


sn 

Dauphin 

UR33 


• sa 

Ecu«Yil/Aitar 

HK35 


S/l 

Gaaelk 

1IR34 


s/I 

Puma . . 

mi2Z 


U2 

Super Frtlon 

HE32 


. t/2 

(Textron) 




(USA) 




Bitter ■ 

H31i 


' L/2 

Cotra 


Alll 

' S/1 

JetRing:er 

HBi7 

US3 

S/1 


t 


nnmm 

wm 


C-7 





VT€i^ 



- 

W«t0*l 


Typ^Dahuiter 

■Oatt/ 


Tn$Ikrinator 

CLM 

Uax^i^iutMrwr/liodd 

CM 

Uilitttrf 

Gnvp 


CM 

xiditsnr 

Cravf 

Imtpink 

BB04 

UB-IH 

sn 

r>e f%m Alwft Cw» 




IQon 


OB-SSA 

Stl 

(USA) 




Long Ran^cr/Sea 




Hmide60(W/5 

EK60 

H4$ 

in 

Rani7«r__ 

Model 206 A-l 

EE06 

HD05 

E57 

sa 

sn 

BemspritM 


H2 

in 

ScaCotn . . 


AH>1T 

U2 





Sinttx 

BB13 

U13 

sa 





TwiaHuev. 

EBTM 

UE-IN 

sa 

Lt^ (Japan) 








Ilodd BK-^llT 

EIU7 


sa 

e««tatV««tiiC«.(USA) 








Wirntyilr 

HV47 

CB47 

L/2 

W**Mwrtrnm 




Model lOS 

BIOS 


sa 

Mm (West German;) 




SeaKmyht 

HV07 

(314S 

VI 

UoddBOlOS 

BM05 


sa 





Model BK 117 




KsfloopMo 





HK17 


sa 

to*. (USA) 








J!ode]B-2A/B-2B^ 

HB42 


sa 

PmctwfKM Z*U*er 

’ 



ModdSSS 

HB43 


sa 

UbtSca (Poland) 








ModdSM-lW/2_ 

HZl 


sa 

t)o**Nai«C«MrwM 

(Italy) 




ModdMi-2/2M 

BZ2 


sa 

Kodd269C. 

NH30 


sa 





Model S69D 

NH50 


sa 

(USA) 








Model R22 

BB22 


sa 









*«■«■ (Italy) 




e»mkyAhenll(USA) 




Medd4tT-3Bl 

A«JT 


sa 

Black Hawk S-70_ 

SKTO 

B60 

in 

ModdAlOd 

A109 


sa 

Chkkasaw S-S5 

SKS5 

B19 

sn 

Ucdel212ASW,^ 

A212 


sa 

Cscctaw S-53 








Seazhore/Scsbois 

SK58 

H34 

in 

Caseen Cwpi (USA) 




Lamps MK3 


SHOO 

V2 

Eaecntire 

HF28 


sa 

Model S-51 .. ... 

SKSl 


V2 

Shark 

HF£0 


S/l 

Model S-S2 

SK52 


in 

Tcri»^harit_- 

EF8C 


sa 

M«WS-59 

SK69 


in 





Models-® 

SKC2 

BS2 

sn 

PtatMMlupooa* (USA) 




l!fddS-69 

SK69 

H59 

sa 

L3«L3 

HH3 


sa 

Model S-76 . 

SK76 


sa 

U/SU 

HH4 


sa 

Mo)**« S-Sfi 

SK56 

H37 

112 

Hrr«ii . 

HH12 

H23 

sa 

HSRAS-72 

SK72 


in 





SeaKinrS-fil . 

SK61 

H3 

in 

Hupfw H*Oeoptcf* DN, 




Sea Staiiion S-65 ^ 

SK65 

HS3 

V2 

Ot lOTim* C«p. (USA) 




Slcycrano S-64 E/F* 

SK64 


L/2 

AAK 

HU&4 

YAH64 

LT2 

Tflrb.S-64 


BS4 

in 

Model 269/300 

HUSO 


S/l 





Osai^e 


B5S 

sa 

C3Tww«n0taly) 




Piwnee369/500^ 

HUSO 

H6 

sa 

Modal SH-4 . 

HS4 


sa 


HOTE; ThM Weight Qui of this Appeodix m to bs used for vsio turbdencs sopontion pttrposes 

cnly. Thv tirmft group* *re ETincmL 
• ladkila siDjkijaottd 

•• D^HLTtUand Daab-7 tnthorited 2000 with Letter of AgToqng nt end 7Vt* 

Wttn the wei^t dtzs cannot be drtcnrined from thie AppcndhCt obtain aircraft grosi wd^ from pflot end 
nee the appropriate wd^t dan dai^nilor. 

Croups are based on FAA ccrtincsied stopping distance and/or mannfactnrtd published performance data. ' 
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